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Abstract
Nowadays, optical forces are widely used to control or measure the position of micrometerto nanometer-sized particles, such as living cells, DNA and bacteria. Two major categories of
optical forces are discussed here: gradient or dipole force and scattering force. The gradient force
is originated from the fact that a polarizable microparticle placed in a laterally varying optical field
will experience different forces in the positively and negatively charged sides. In this thesis, we
investigate the optical gradient force in 2D hybrid and plasmonic waveguides. Compared to the
conventional dielectric waveguides, we show that the optical force can be enhanced by at least 1
order of magnitude in the hybrid and plasmonic waveguides. The scattering force is an axial force,
which is the result of the momentum transfer from the radiating field to the dielectric medium. To
investigate the radiation force, we mainly study two types of micro-resonators: wheel resonators and
small disk resonators.
To investigate the optical gradient force, we calculate the optical forces in two dimensional
hybrid waveguides in which a dielectric waveguide is coupled with a metal substrate and plasmonic
waveguides in which two identical metal waveguides are coupled. We compare coupled plasmonic
waveguides with different geometries, including rectangular, circular, and triangular cross sections.
In comparison with their corresponding dielectric structures, optical forces in both hybrid and plasmonic waveguides are greatly enhanced due to stronger evanescent waves and larger field gradients.
To investigate the radiation force, we study three types of optomechanical oscillators: silicon nitride disk resonator, silicon nitride wheel resonator, and small silicon disk resonator. The
experimental results show that the optomechanical coupling coefficiency increases from 0.8GHz/nm
to 110GHz/nm, the effective mass decreases from 2ng to 6pg, the oscillation frequency increases
from 10MHz to 1GHz, the device size shrinks from 60µm to only 4µm and the oscillation threshold
improves from 500µW to 8µW . We also systematically investigate GHz optomechanical microdisk
ii

oscillators on the platform of SOI. We have tested small silicon disks with different radii. For the
disks with the radii of 1.5µm, 2µm, 2.5µm and 3µm, fundamental breathing modes are detected.
The mechanical Q is sensitively dependent on the undercut, since it plays an important role in the
mechanical energy dissipation. The silicon disk with the radius of 2µm and the undercut ratio of 90%
oscillates at 1.27GHz under the dropped power below 10µW . We also demonstrate the phenomena
of the instability and RF mixing above optomechanical oscillation threshold.
Then we study single, two side-coupled, and serially-coupled triple wheel resonator system.
The single wheel resonator and two side-coupled wheel resonators have the same dimension with
inner radius of 24.3µm and outer radius of 34.3µm. In the single resonator, we observe that both
the fundamental radial breathing mode and the flapping mode couple to a high Q optical mode and
generate frequency mixing through the nonlinear optical transfer function. The harmonic generation
of the flapping mode produces a comb-like frequency mixing spectrum. Instead of using the external
pump modulation, we show that the regenerative oscillation of an internal mechanical mode can
be used as a modulation source for optomechanical RF mixing. In the side-coupled resonators, the
optomechanical transduction is related to the energy distribution in the two resonators, which is
strongly dependent on the input detuning. Compared to a single resonator, the coupled resonators
can still provide very sensitive optomechanical transduction even if the optical and mechanical quality
factors of one resonator are degraded. The serially-coupled triple resonators have the dimension with
inner radius of 20µm and outer radius of 25µm. A freestanding beam is placed in the vicinity of
the middle resonator. In this coupled system, we demonstrate that the mechanical mode of the
freestanding beam can be selectively coupled to different resonance supermodes through the near
field interaction. All the devices are fabricated on the 300nm thick silicon nitride material with the
silicon oxide as the sacrificial layer, and they are fully suspended with three thin spokes connecting
to a center support. They have effective mass around 1ng and optomechancial coefficient in the level
of 1GHz/nm.

iii

Dedication
To:
My parents and My wife!

iv

Acknowledgments
Five years of my PhD study at Clemson has been a tremendous and unforgettable experience
for me. Not only I worked on some exciting projects to explore the mystery of science, but also I
met many great people here that I will value for my life. Without them, I would not be able to
complete this dissertation.
First of all, I’m greatly indebted to my advisor Professor Lin Zhu, without whom I wouldn’t
even have the opportunity to be a member of Clemson family. More importantly, I would like to
thank him for his excellent guidance and mentoring throughout my entire PhD career. I wouldn’t
be much happier to work with someone with such extensive experience in the area of nanophotonics
and lasers. From introducing me the new concepts to helping me build up the experiment, his
detailed guidance in the early stage of my research is invaluable. Meanwhile, his inspirational ideas
and critical comments always bring new excitement in the projects.
Also I’m so grateful to Professor Pingshan Wang, Professor Liang Dong and Professor John
Ballato for being in my committee and giving suggestions on my thesis proposal. Special thanks
will be given to Professor Liang Dong for agreeing to do my thesis defense remotely, which is not
usual. Also special thanks will be given to Professor Pingshan Wang and Professor Eric Johnson
for helping me out in various cases. At the same time, I would like to thank the great teachers at
Clemson: Professor Xiaobang Xu, Professor Chalmers Butler, Professor W. Rod Harrell, Professor
Michael Ellison, Dr. Scott Shappell, Professor Hye Jung Kang, Professor Richard Groff, and so on.
Definitely, I will thank my colleagues, Mr. Yunsong Zhao, Mr. Jiahua Fan, and Mr. Ruoyu
Zhang. I can’t forget those days we worked together, sometimes easy and sometimes tough. Thank
Mr. Yunsong Zhao for the valuable discussions and providing support for my experiments. Thank
Mr. Jiahua Fan for the fruitful discussions in the theory of optomechanics. Thank Mr. Ruoyu
Zhang for helping fabricate the dimpled fiber taper, which is important in my experiments. Out of
v

lab, their encouragement and friendship left good memory in my life at Clemson, and I would be so
proud of having worked with them.
I will acknowledge the great help from the staff members at Cornell Nanoscale Facility(CNF):
Alan Bleier, Vince Genova, Rob Ilic, Phil Infante, Meredith Metzler, Noah Clay, Daron Westly and
so on. As an outside user, I benefited a lot from the discussions with the staff members. Without
them, all the devices presented in this thesis could not be possible. Special thanks will be given to
the friends I made at CNF: Dr. Mian Zhang, Dr. Siddharth Tallur, Mr. Lawrence Tzuang and Mr.
Wei Jiang. It was quite beneficial to share the lessons we learned in our fabrication. Without them,
it could cost me more time and energy at CNF.
Last but not the least, I would like to thank my parents and my wife. While I’m studying
on the other side of the earth, my parents still provide love and support in every single day. I want
to dedicate this dissertation to them and make them proud. My wife, Chunyi Chen, is always by
my side when she is moving from 7000 miles away from me to 200 miles away from me. After the
journey of my PhD, I will continue the next journey which is just 200 miles away.

vi

List of Publications
[1] C. Huang, Y. Zhao, J. Fan, and L. Zhu. Controllable optomechanical coupling in a seriallycoupled triple resonators. Submitted, 2014.
[2] J. Fan, C. Huang, and L. Zhu. Laser noises in coupled optomechanical resonators. In preparation, 2014.
[3] C. Huang, J. Fan, R. Zhang, and L. Zhu. Optomechanical transductions in single and coupled
wheel resonators. Optics Express, 21(5):6371–6376, 2013.
[4] C. Huang, J. Fan, R. Zhang, and L. Zhu. Internal frequency mixing in a single optomechanical
resonator. Applied Physics Letters, 101(23):231112, 2012.
[5] C. Huang, J. Fan, and L. Zhu. Dynamic nonlinear thermal optical effects in coupled ring
resonators. AIP Advances, 2(4):032131, 2012.
[6] J. Fan, C. Huang, and L. Zhu. A compact, broadband slot waveguide polarization rotator. AIP
Advances, 1(4):042136, 2011.
[7] C. Huang and L. Zhu. Proposed electrically-pumped, iiiv-metal hybrid plasmonic lasers. Applied
Physics B, 103(3):643–647, 2011.
[8] C. Huang and L. Zhu. Enhanced optical forces in 2d hybrid and plasmonic waveguides. Optics
Letters, 35(10):1563–1565, 2010.

vii

Table of Contents
Title Page . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

i

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ii

Dedication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv
Acknowledgments

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

v

List of Publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii
List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
1 Introduction . . . . . . . . . . . .
1.1 The Optomechanical System .
1.1.1 Waveguides . . . . . . .
1.1.2 Other Configurations . .
1.1.3 Applications . . . . . .
1.2 Mircoresonator Basics . . . . .
1.2.1 Optical Resonator . . .
1.2.2 Intrinsic Loss . . . . . .
1.2.3 Power In The Resonator
1.2.4 Example Test In A Ring
1.2.5 Mechanical Resonator .
1.3 Cavity Optomechanics . . . . .
1.3.1 Dynamic Back-Action .
1.3.2 Coupled Equations . . .

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .

1
4
4
6
10
11
11
13
14
15
17
18
19
21

2 Enhanced Gradient Force in Waveguides . . . . . . . . . . . . .
2.1 Plasmonics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.2 Hybrid And Plasmonic Waveguides . . . . . . . . . . . . . . . . .
2.2.1 Geometries . . . . . . . . . . . . . . . . . . . . . . . . . .
2.2.2 Plasmonic Enhancement In Waveguide/Substrate System
2.2.3 Plasmonic Enhancement In Other Configurations . . . . .
2.2.4 Nonresonant Feature And Loss Analysis . . . . . . . . . .

.
.
.
.
.
.
.

.
.
.
.
.
.
.

. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .

24
25
25
25
26
30
31

3 Fiber-to-chip Coupling .
3.1 Lensed Fiber Coupler
3.1.1 Testing . . . .
3.2 Gratings Coupler . . .
3.2.1 Design . . . . .
3.2.2 Fabrication . .

.
.
.
.
.
.

.
.
.
.
.
.

. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .

34
34
35
35
36
37

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

. . . . . . . . . . .
. . . . . . . . . . . .
. . . . . . . . . . . .
. . . . . . . . . . . .
. . . . . . . . . . . .
. . . . . . . . . . . .
. . . . . . . . . . . .
. . . . . . . . . . . .
. . . . . . . . . . . .
Resonator . . . . . .
. . . . . . . . . . . .
. . . . . . . . . . . .
. . . . . . . . . . . .
. . . . . . . . . . . .

.
.
.
.
.
.

. . . . . . . . . .
. . . . . . . . . . .
. . . . . . . . . . .
. . . . . . . . . . .
. . . . . . . . . . .
. . . . . . . . . . .

viii

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

x

.
.
.
.
.
.

.
.
.
.
.
.

3.3

3.2.3 Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Dimpled Fiber Taper . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.3.1 Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

39
39
40

4 Optomechanical Oscillator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.1 Silicon Nitride Disk . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.1.1 Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.1.2 Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.1.3 Measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2 Silicon Nitride Wheel Resonator . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2.1 Device Design And Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2.2 RF Measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3 Small Silicon Nitride Disk . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.4 Small Silicon Disk . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.4.1 Q Testing For Different Disks . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.4.2 Adjust Detuning When The Input Power Increases . . . . . . . . . . . . . . .
4.4.3 Adjust Detuning When The Input Power Is Fixed . . . . . . . . . . . . . . .
4.4.4 Reduce The Input Power When The Input Wavelength Is Fixed . . . . . . . .

42
43
43
43
46
47
47
49
51
54
54
58
59
62

5 RF
5.1
5.2
5.3

. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .

64
64
66
66

. . . . . . . . . . . .
. . . . . . . . . . . .
. . . . . . . . . . . .
. . . . . . . . . . . .
. . . . . . . . . . . .
Resonators . . . . .
. . . . . . . . . . . .
. . . . . . . . . . . .
. . . . . . . . . . . .
. . . . . . . . . . . .
. . . . . . . . . . . .
. . . . . . . . . . . .

71
71
72
73
73
75
75
77
82
82
84
85

Mixing In A Single
Introduction . . . . .
Theory . . . . . . . .
Measurement . . . .

Wheel Resonator
. . . . . . . . . . . .
. . . . . . . . . . . .
. . . . . . . . . . . .

. . . . .
. . . . . .
. . . . . .
. . . . . .

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

6 Optomechanics In Coupled Wheel Resonators . . . . . . . .
6.1 Two Side-coupled Wheel Resonators . . . . . . . . . . . . . . .
6.1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . .
6.1.2 Devices and Experimental Setup . . . . . . . . . . . . .
6.1.3 Testing On The Single Wheel Resonator . . . . . . . . .
6.1.4 Testing At The Uncoupled Resonances For The Coupled
6.1.5 Thermal Effects In Coupled Resonators . . . . . . . . .
6.1.6 Testing At The Coupled Resonances . . . . . . . . . . .
6.2 Serially-coupled Triple Resonators . . . . . . . . . . . . . . . .
6.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . .
6.2.2 Design And Simulation . . . . . . . . . . . . . . . . . .
6.2.3 Device And Experiments . . . . . . . . . . . . . . . . .

.
.
.
.

.
.
.
.

.
.
.
.

7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
Appendices . . . . . . . . . .
A
Maxwell Stress Tensor .
B
Device Fabrication . . .
B.1
Standard Process
C
Experimental Setup . .
C.1
Equipment . . .
C.2
Vacuum Setup .

. . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . .
For Silicon Nitride Device .
. . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . .

ix

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .

92
93
96
96
99
99
99

List of Figures
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
1.10
1.11

Diagram of a comet tail passing the Sun . . . . . . . . . . . . . . . . . . . . . . . . .
Demontration of the optical gradient force in a planar waveguide above the substrate
Attractive and repulsive optical forces in two coupled waveguides . . . . . . . . . . .
Other configurations developed to study the optical forces . . . . . . . . . . . . . . .
Schematic of a ring resonator coupled to a waveguide . . . . . . . . . . . . . . . . . .
Normalized cavity transmission of a microresonator . . . . . . . . . . . . . . . . . . .
Normalized circulating power as a function of the ratio QQc . . . . . . . . . . . . . . .
Measurement results of a typical ring resonator . . . . . . . . . . . . . . . . . . . . .
Mathematical model for a mechanical resonator . . . . . . . . . . . . . . . . . . . . .
Schematic of an optomechanical system in a Fabry-Perot cavity . . . . . . . . . . . .
Dynamical back-action with the sideband picture . . . . . . . . . . . . . . . . . . . .

2
5
7
8
12
13
14
16
17
18
20

2.1
2.2
2.3
2.4
2.5
2.6

Investigated waveguide structures . . . . . . . . . . . . .
Optical force in dielectric waveguide/substrate system .
Enhanced optical forces in hybrid plasmonic waveguides
Optical forces in conventional dielectric waveguides . . .
Enhanced optical forces in plasmonic waveguides . . . .
Enhanced optical forces versus the wavelength and gap .

.
.
.
.
.
.

26
27
28
29
31
32

3.1
3.2
3.3

Schematic of the lensed fiber coupling . . . . . . . . . . . . . . . . . .
Gratings design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Grating pitch values versus the tilt angle and the mode effective index
gated waveguide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Gratings design for the parameter of the padding length . . . . . . . .
Fabrication process flow and the microscope image of the gratings . .
Transmisson losses for the grating couplers with different pitch values
Dimpled fiber taper . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . .
. . . .
corru. . . .
. . . .
. . . .
. . . .
. . . .

35
36

3.4
3.5
3.6
3.7
4.1
4.2
4.3
4.4

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

. . . .
. . . .
of the
. . . .
. . . .
. . . .
. . . .
. . . .

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

Schematic of the silicon nitride disk resonator with a coupling waveguide . . . . . . .
Fabrication process flow for the nitride disk resonator . . . . . . . . . . . . . . . . .
SEM of the fabricated silicon nitride disk resonator . . . . . . . . . . . . . . . . . . .
Experimental setup for the nitride disk measurement, on resonance transmission versus the gap distance between the coupling waveguide and the resonator, and a high
Q resonance around 1548.55nm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.5 Power Spectral Density(PSD) of the disk mechanical mode at low and high input
power; Harmonics of the fundamental flapping mode at high input power . . . . . .
4.6 SEM image of a single wheel resonator . . . . . . . . . . . . . . . . . . . . . . . . . .
4.7 Experimental setup for a single wheel resonator . . . . . . . . . . . . . . . . . . . . .
4.8 Oscillation of the silicon nitride wheel resonator . . . . . . . . . . . . . . . . . . . . .
4.9 Harmonics and high order mechanical mode of the nitride wheel resonator . . . . . .
4.10 Oscillation threshold for wavelength-sized disk resonators . . . . . . . . . . . . . . .

x

37
38
38
39
40
44
45
45

46
48
49
50
51
52
53

4.11 Optical mode simulation and optical Q measurement for small silicon nitride disks .
4.12 Thermal noise PSD for disks with different radii and mechanical mode profile for
small disks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.13 Experimental setup for small silicon disk . . . . . . . . . . . . . . . . . . . . . . . . .
4.14 Cavity transmission spectra with different measurement parameters . . . . . . . . .
4.15 RF spectrum probe for the silicon disk resonator . . . . . . . . . . . . . . . . . . . .
4.16 RF signals at different input powers . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.17 RF spectra at different wavelengths . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.18 Snapshots of the RF spectra when the disk resonator oscillates . . . . . . . . . . . .
4.19 RF mixing effect with the laser noise . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.20 RF spectra at different input powers . . . . . . . . . . . . . . . . . . . . . . . . . . .

55
56
57
58
59
60
61
62
63

5.1
5.2
5.3
5.4
5.5

Optical transmission spectrum for a single wheel resonator .
RF spectra of the first two flapping modes and fundamental
Weak RF mixing at low input power . . . . . . . . . . . . .
Strong RF mixing at higher input power . . . . . . . . . . .
Strongest RF mixing at high input power . . . . . . . . . .

66
67
68
69
70

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
6.10
6.11

Experimental setup for coupled wheel resonators . . . . . . . . . . . . . . . . . . . .
Optomechanical transduction in a single resonator . . . . . . . . . . . . . . . . . . .
Probing the coupled resonance and fundamental mechanical modes . . . . . . . . . .
Measurements at the coupled resonance which are divided into three regions . . . . .
Representative RF spectra at the three regions . . . . . . . . . . . . . . . . . . . . .
Measurement at the purturbed coupled resonance . . . . . . . . . . . . . . . . . . . .
Energy distribution in a single resonator and a serially-coupled triple resonator system
Experimental setup for the serially-coupled triple resonators . . . . . . . . . . . . . .
Transmission and energy distribution in the coupled resonance . . . . . . . . . . . .
RF spectra of the freestanding beam . . . . . . . . . . . . . . . . . . . . . . . . . . .
RF peak power of the beam mechanical mode at different input powers . . . . . . .

1
2

Vacuum chamber . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
Coupling setup inside the vacuum chamber . . . . . . . . . . . . . . . . . . . . . . . 102

xi

. . . . . . . . . .
breathing mode .
. . . . . . . . . .
. . . . . . . . . .
. . . . . . . . . .

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

53

72
73
74
78
80
81
83
86
87
88
89

Chapter 1

Introduction
The comets were observed by the human beings long time ago, and they were mentioned in
chronicles and other non-astronomical documents. For example, the description about the comets
was even found in the Chinese oracle bones [1]. For a long time, the comets were considered as bad
omens, since there was always a major disaster that happened shortly after a comet had been seen
and there was no easy way to prove this notion wrong. The first recorded efforts to investigate the
paths of the comets across the heavens occurred in Florence in the 15th century, about a century
before the birth of Galileo. In 1530s, it was Peter Apian who first discovered that the tail of
a comet always pointed away from the Sun, and it was until then there was no doubt that the
comets were sublunary phenomena. Then the practicing astronomers, who observed the positions
of heavenly bodies and calculated their positions, began to measure the positions of comets. But
no measurements could provide a good answer to the path of the comet. Upon the observation
of the comet tails in 1607 and 1618, Kepler pointed out that the direct rays of the Sun striked
upon the comet, penetrated its substance and drew away with them a portion of this matter. In
this manner, the comet could be consumed by breathing out its own tail. In 1623, Galileo argued
that the comets were optical phenomena so that one could not measure their parallaxes. Before
19th century, the concept of light pressure was proposed. For example, Descartes defined light as a
pressure transmitted through the subtle matter of vortices and Newton theorized that light consists
of particles possessing momentum. However, it was James Maxwell who showed that transverse
electromagnetic waves should exert a force. Figure 1.1 shows the diagram of a comet tail passing
the Sun. The dust tail is left behind in the comet’s orbit forming a curved tail when it moves close
1

Figure 1.1: A comet’s orbit showing the different directions of the gas and dust tails when the comet
passes the Sun.
to the Sun. The ion tail always points along the streamlines of the “solar wind” as it’s affected by
the electromagnetic field of the Sun. The comet tail is quite a typical example where the optical
force plays a role.
It was Arthur Ashikin who firstly reported the utilization of optical scattering and gradient
forces on micro-sized particles in 1970 [2]. Later, the optical tweezer was invented and widely used for
the trapping of microscopic particles in three dimensions [3, 4]. In an even smaller scale, the optical
tweezer can be used to cool and trap neutral atoms, which won the 1997 Nobel Prize in physics.
The scattering force can be regarded as a consequence of the momentum transfer from the radiating
field to the dielectric medium. Typically, the scattering force has been firstly investigated in largescale Fabry-Perot interferometers used for gravitational wave detection, where the opto-mechanical
coupling forms between a moving mirror and the radiation pressure of light [5]. Due to the discrete
nature of photons, the quantum fluctuations of the radiation pressure forces lead to the standard
quantum limit(SQL) [6, 7]. Besides the quantum back-action effect, the radiation pressure of the
light in a resonator gives rise to the effect of dynamic back-action due to the finite cavity decay time
[8]. As a result, the energy can be transferred from photons to phonons (mechanical amplification
and oscillation) or from phonons to photons (optomechanical back-action cooling) under different
situations [8–10]. Due to recent improvement of microfabrication technologies, the optomechanical
coupling develops extensively in on-chip microscale structures [11–14], in which the cavity field
depends on the mechanical motion, and vice versa. Ultimately, the optomechanical coupling makes
it possible to observe the quantum mechanical behavior in micromechanical resonators [15].
The gradient optical force is related to the strong variations in the electromagnetic field,
2

which is the fundamental of the most optical tweezer set-ups. It was only recently demonstrated
that the gradient field around the nanophotonic waveguides could produce significant optical forces
[16–18]. Under milliwatt input power levels, micrometer-level displacement can be achieved. Compared to the scattering force, which is axial force, the gradient force is dipole force. When a polarizable particle is placed in a laterally varying optical field, a dipole will be induced in the particle
and the positively and negatively charged sides will experience different forces in the gradient field.
As a consequence, the particle will be “attracted” to the region with the strongest field. It can be
understood that the integrated optical waveguides or resonators can be regarded as a collection of individual microscopic dipolar particles and can be manipulated in a strongly varying electromagnetic
field. In the waveguide configuration, the strongly varying electromagnetic field can be achieved by
placing another waveguide or substrate nearby to form asymmetric field distribution. Compared
with the scattering forces, gradient forces can achieve a larger force per photon if a strong field
gradient can be obtained. Therefore, the optical gradient force has the potential to be an alternative
actuation force in micro-electromechanical system(MEMS).
The cavity optomechanics has seen rapid development in the recent decade, such as the
demonstration of optical spring effect [8], self-induced oscillations [10], radiation-pressure cavity
cooling [19], coupling of mechanical oscillators to a single electron transistor or a quantum point
contact [20], sensitive displacement detection [21], synchronization of remote mechanical resonators
[22], and so on.
This thesis is structured as follows: In the 1st chapter, I will briefly discuss about the
optomechanical system, including the optical cavities, mechancial resonators and the basic optomechanical interaction between them; In the 2nd chapter, I will analyze the enhanced optical gradient
force in waveguides using plasmonic enhancement effect; In the 3rd chapter, I will discuss about
three types of fiber-to-chip coupling techniques during the experiments; In the 4th chapter, I will
focus on the radiation force in three types of resonators, silicon nitride disk resonator, silicon nitride
wheel resonator, and small silicon disk resonator; In the 5th chapter, I will study in details about the
RF mixing effect in a single wheel resonator; In the 6th chapter, two side-coupled wheel resonators
and serially-coupled triple resonators will be analyzed; Lastly in the 7th chapter, I will conlude for
all the previous chapters before giving out an outlook.

3

1.1

The Optomechanical System
Optical resonators can be realized in multiple forms, including planar waveguide, micro-

ring/disk resonator, micro-toroid resonator, micro-bottle resonator, micro-sphere resonator, membrane cavity, photonic crystal, and so on. In this thesis, I will mainly focus on the waveguide and
micro-ring/disk resonator. In the meanwile, a free-standing optical resonator is intrinsically a mechanical resonator. At finite temperatures, the size of the mechanical resonator fluctuates based
on the laws of thermodynamics, since all the molecules constituting the micro-structure exhibit the
well-known Brownian motion. With the enforced physical boundary condition in a macroscopic object, mechanical eigenmodes are used to describe the motion of the molecules. Generally, a certain
displacement profile and an associated eigenfrequency are utilized to illustrate a specific eigenmode
in all the following description. The Brownian motion of the molecules can be regarded as a thermal
excitation of these eigenmodes.

1.1.1

Waveguides
In 2005, Povinelli et al theoretically investigated the optical forces between parallel waveg-

uides and the force arised from the overlap of the guided waves propagating in the two waveguides [16]. The optical force in nanophotonic waveguides depends on the lateral gradient field, and
this transverse force does not require reflective surface. So it is versatile for the operation in the planar integrated circuits. Figure 1.2 shows an example of the optical force in a silicon(Si) waveguide.
In Fig. 1.2(a), the waveguide is enclosed by air and therefore has symmetric field distribution. The
waveguide has the dimension of 600nm by 200nm, and the fundamental TE mode is simulated using
the commercial software COMSOL Multiphysics. In this scenario, the substrate can be regarded
as infinite distant away from the waveguide and there is no coupling between the waveguide and
the substrate. In Fig. 1.2(b), the mode becomes asymmetric when the silica substrate is close to
the waveguide. Assume that the energy U = N ~ω is coupled into an eigenmode (frequency ω and
wavevector ~k) of the waveguide with the distance g to the substrate. An adiabatic change in dg will
shift the eigenmode frequency by ∆ω (~k is conserved due to preservation of translational invariance)
and lead to the force:

F =−

dU
dg

=−
~
k

dN ~ω
dg

~
k

= −N ~

4

dω
dg

=−
~
k

1 dω
ω dg

U
~
k

(1.1)

Figure 1.2: (a) A typical Si waveguide in air with symmetric field distribution. (b) The waveguide
has asymmetric field distribution with a substrate nearby. (c) Calculation of the optical force in the
configuration of (b).
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The negative values correspond to the attractive force. The gom =

dω
dg

is a very important

factor for the optomechanical interaction, which will be discussed often during the entire thesis.
Figure 1.2(c) shows the calculated force in the Si waveguide/silica substrate system using Eqn. 1.1.
The force decays exponentially with increasing distance between the waveguide and the substrate
due to the reduced optical coupling. Maxwell Stress Tensor(MST) is also used to calculate the optical
force in the waveguides, and it agrees well with the results obtained using the Eqn. 1.1. Details
about the MST can be found in the Appendix A. In a typical two coupled waveguide system, both
repulsive force and attractive force can be obtained, depending on the relative phase of light in the
waveguides. Figure 1.3(a) and (b) show the symmetric(even) and asymmetric(odd) mode profiles for
two coupled waveguides. Figure 1.3(c) shows the forces calculation versus the gap between the two
waveguides. For the gap larger than 20nm, the even mode exhibits attractive force since its frequency
decreases as the waveguide comes together. On the contrary, the odd mode exhibits repulsive force
when the gap is larger than 20nm. For the gap smaller than 20nm, the mode coupling picture is
no longer accurate and the strong attractive force associated with the antisymmetric mode comes
from the enhancement of Ey inside the slit due to the boundary conditions at the interface. At the
same time, the Casimir force can be comparable to, or larger than the optical force when the gap
is too small [23]. It needs to be mentioned that the transverse gradient field in the waveguides is
in a direction perpendicular to that of the light propagation, which is different in the case of the
scattering force. Intuitively, the optical force on the mirrors of the Fabry-Perot cavity is parallel to
the light propagation direction inside the cavity, since it is the photons’ reflection from the mirror
surface that leads to the momentum transfer.

1.1.2

Other Configurations
The experimental demonstration of the optical forces develops fast after the theoretical

prediction. In 2007, Painter et al observed the large displacement of the tapered fiber due to the
dipole forces when it coupled to the high Q disk resonator [12]. In 2008, Li et al first demonstrated
the optical force in the waveguide close to the substrate and the attractive/repulsive forces in two
suspended waveguides using Mach-Zehnder interferometer(MZI) for the force enhancement [18, 24,
25]. By embedding the waveguide in a ring resonator, the optical force can also be enhanced [26].
In the meantime, a variety of device geometries have been investigated and the basic principle is to
tailor the overlap between the photonic mode and mechanical mode.
6

Figure 1.3: (a) Ex distribution of the even mode. (b) Ex distribution of the odd mode. (c) Calculation of the optical forces for the two coupled modes.
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Figure 1.4: Schematic of different configurations developed to study the optical forces. (a) Optomechanical nanobeam cavity. The air hole can be circular or rectangular. (b) Coupled optomechanical
nanobeam cavity. (c) Membrane cavity. (d) Coupled ring resonators.
Photonic-crystal microcavities draw attention due to its ultra-small mode volumes and exhibit high optical quality factors. Those attributes can be explored to achieve strong optomechanical
coupling effects. Painter and co-workers have designed and developed the structure of optomechanical crystal [27], which integrates the photonic crystal and phononic crystal in a nanobeam. Figure.
1.4(a) shows the design, and the air holes can be circular or rectangular(only show the circular holes
here). Figure 1.4(b) shows the two parallel, coupled nanobeams. In this system, both the optical
mode and mechanical mode can be confined in the scale of optical wavelength and the phononic band
is created to localize the mechanical modes similar to the optical mode localization. The strong optomechanical coupling induces the optical spring effect, leading to the modification of the mechanical
8

frequency and spring constant. In reference [13], the gom can be reached as high as 2π ×123GHz/nm
and the optomechanical coupling length Lom = ω/gom can be obtained as high as 1.58µm, close to
the operating wavelength at C band. The shifted mechanical frequency can be more than two times
of the intrinsic mechanical frequency. In reference [27], the mechanical freuquency can be as high as
2.18GHz. Notomi and coworkers have demonstrated a double-layer photonic-crystal-slab cavity with
high energy conversion efficiency between the optical and mechanical energy [28]. Large wavelength
conversion can be achieved if the mechanical displacement in the structures occurs faster than the
response time of the optical cavity. Rodriguez et al have investigated the strong repulsive force in a
suspended photonic crystal membrane with a gap less than 200nm to the substrate [29, 30]. Figure
1.4(c) shows the example design of the optomechanical membrane cavity.
Ippen et al proposed a dual-microring cavity to create the highly localized optomechanical
potential wells by using the significant attractive and repulsive forces. Later, Lipson et al experimentally demonstrated the large optical forces in the vertically coupled microring resonators as
shown in Fig. 1.4(d) [31]. In reference [31], the gap between the two micro-rings can change by
20nm with the attractive force of 12nN and by 1nm with the repulsive force of 600pN. Lin et al
showed the large per-photon optical gradient force in a pair of silica disks separated by a nanoscale
gap [14]. In vacuum, the mechanical amplification due to the dynamic back-action can overcome
the damping with only 1000 stored photons. The cooling of the mechanical motion can be obtained
with a temperature compression factor close to 14dB at the input power of 11µW .
The other configurations to study the optical forces include the silica microtoroid [9] (Kippenberg et al ), wavelength-sized GaAs disk resonator [32](Favero et al ), microspheres [33](Carmon
et al ), micro-bottles [34](Carmon et al ). In reference [9], mechanical oscillation stimulated by the
radiation pressure is demonstrated in a microtoroid structure. In reference [32], a wavelength-sized
disk resonator is first demonstrated with high mechanical frequency at 1GHz and high optomechanical coupling coefficiency of 172GHz/nm. In reference [33], high mechanical frequency at the
level of 10GHz can be obtained by stimulating the surface acoustic resonances in a microsphere. In
reference [34], a hollow-bubble resonator is designed for the microfluidic optomechanics in liquids,
where the light is coupled from the outer dry side of the capillary and the fluid is provided using a
standard syringe pump.
Surface Plasmon Polaritons (SPP’s) are propagating electromagnetic modes formed at the
metallic-dielectric interfaces, offering the capability to confine the light to the deep subwavelength
9

range. The enhanced light intensity in SPP has also been studied to yield larger optical forces and
this will be discussed in the following chapter.

1.1.3

Applications
The optomechanics has seen rapid development during the last decade, in both fundamental

science and practical applications. Intuitively, the optomechanical system can be applied to the ultra√
sensitive displacement measurement [35]. Sub f m/ Hz displacement sensitivity can be achieved,
which is equal to the standard quantum limit(SQL) in the measurement imprecision [21]. In reference
[21], a freestanding beam is coupled to a microtoroid resonator via the near field interaction. Due
to the small mass (picogram) and ultrahigh finesse of the optomechanical system, it paves the
way to the long sought regime of quantum backaction at room temperature [36]. By using the
similar configuration, an integrated optomechanical transducer is developed for the application in
Atomic Force Microscopy(AFM) [37–39]. The contact mode in the optomechanical AFM has been
successfully demonstrated in the reference [39]. Barclay et al demonstrate a nanoscale torsional
resonator via an optical microdisk resonator [40]. Small torque as little as 4 × 10−20 N · m can be
detected.
Besides the displacement measurement, the optomechanical system can also be used for the
mass sensing [41]. Sub-pg mass sensing can be obtained in the microtoroid resonator, since the
mass change of the resonator will senstively transduce to the mechanical frequency change. The
sensitivity of this sytem is dependent on the linewidth of the RF signal from the mechanical mode.
In reference [42], a high resolution accelerometer is demonstrated using the photonic crystal
√
design. The device achieves an acceleration resolution of 10µg/ Hz with submilliwatt optical
power, bandwidth greater than 20kHz and a dynamic range of greater than 40dB. Hutchison et al
also invent a Z-axis optomechanical accelerometer by exploiting the configuration as shown in Fig.
1.4(d) [43]. In reference [43], one of the ring resonators is attached to the substrate, while the other
ring resonator is free to move. The sensitivity of this accelerometer is 22 percent-per-g for the best
Q devices. In 2011, Intel filed a patent of an integrated silicon optomechanical gyroscope, where an
optomechanical disk acts as an optical ring resonator and a mechanical disk resonator [44].
In the area of optical communication, the optomechanical system also finds potential applications. Li et al [45] demonstrate all-optical, wavelength-multiplexed amplification of radiofrequency signals in an add-drop disk resonator system. Painter et al design an optomechanical
10

crystal nanobeam to achieve the coherent optical wavelength conversion [46]. In reference [46], optical signals in a 1.5MHz bandwidth are coherently converted over a 11.2 THz frequency span with a
93% internal (2% external) peak efficiency. Similar demonstration can be achieved in a silicon nitride
disk resonator [47]. Liu et al demonstrate multiple applications using the optical gradient force, such
as optomechanical logic gate [48], optomechanical switch [49] and optomechanical actuator [50]. In
reference [48], the compact optomechanical logic NOR gate consists a partially free-standing silicon
double-ring resonator coupled via the same waveguide. It functions at 20Mb/s with a high extinction
ratio about 21.3dB at low power consumption(∼ 0.5mW ). In reference [49], the switch consists of a
free-standing ring resonator and two bus waveguides. The on-state/off-state can be tuned by bending the free-standing ring using the optical gradient force so that the output transmission signal is
changed. This switch shows a switching time of 43.5ns and a switching contrast of more than 23dB.
In reference [50], the actuator has the design of a slot waveguide, and it can achieve a maximum
displacement of 67nm with a response time of 94.5ns. The optical force used in this structure is
1.01pN/µm/mW .
Synchronization of two dissimilar silicon nitride oscillators have been demonstrated by Lipson and coworkers [22]. In reference [22], two disk optomechanical resonators are optically coupled
and the synchronization is achieved via the optical radiation field. In reference [51], two isolated
waveguide beams are synchronized in one ring resonator. The two suspended beams share the same
optical mode and they are synchronized via the optomechanical interaction.

1.2

Mircoresonator Basics
In this thesis, different terminologies of the microresonator will be discussed very often

since the microresonator provides an efficient way to enhance the optical field. Typical optical
resonator includes ring resonator, disk resonator, photonic crystal cavity and wheel resonator(wide
ring resonator). In our work, we will mainly focus on the wheel resonator and disk resonator, where
the confined mode is the Whispering Gallery Mode(WGM).

1.2.1

Optical Resonator
Figure 1.5 shows a typical configuration of a microresonator coupled to a waveguide. The

light signal is launched into the input port and then collected from the output port. Considering
11

Figure 1.5: Schematic of a ring resonator coupled to a waveguide.
the energy flow in the resonator, the time rate of change in optical energy evolves as:
1
1
da
= (jω0 −
−
)a − jµSin
dt
2τ
2τc
where ω0 is the cold cavity resonance frequency for the resonator. ω0 =

(1.2)

2πc
λ0 ,

c is the speed of light

in vacuum and λ0 is the resonance wavelength. Sin and Sout are the normalized field amplitudes
of the input and output light, respectively. |a|2 is the stored optical energy in the resonator. τ
is the intrinsic cavity decay rate which relates to the intrinsic quality factor Q by τ = Q/ω0 .
τc = ω0 /Qc , Qc describes the coupling between the waveguide and the resonator. µ is the power
q
ω0
coupling coefficient between the bus waveguide and the resonator, µ = Q
. If the input power is
c
fairly small, which allows us to neglect any thermal effects, equation 1.2 can be solved in steady-state
with a frame rotated at the angular frequency of input light:

a=

−jµSin
1
j∆ω +
2τt

(1.3)

Sout = Sin − jµa

where ∆ω = ω − ω0 is the detuning of the input light ω from the cavity resonance.

(1.4)

1
τt

=

1
τ

+

1
τc ,

τt = ω0 /Qt . Qt is the total optical quality factor. The normalized output power |Sout |2 can be
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Figure 1.6: Normalized cavity transmission of a microresonator.
obtained as follows:
|Sout |2
(1 − 2µ2 τt )2 − 1
=1+
2
|Sin |
(2τt ∆ω)2 + 1

(1.5)

which is basically a Lorentzian function. Figure 1.6 shows the normalized cavity transmission of a
microresonator. The parameters are λ0 =1550nm, Q = 4.4 × 105 , Qc = 5.8 × 105 , Qt = 2.5 × 105 .
The extinction ratio of the resonance dip is dependent on the ratio of the Qc to the Q. The full
width half maximum(FWHM) is directly related to the total Q, ∆ωF W HM =

1.2.2

ω0
Qt .

Intrinsic Loss
Since τ is the cavity lifetime, the light will travel distance l =

is the group velocity. l =

cQ
ng ω .

ng ≈

λ20

F SR×L ,

c
ng τ

within lifetime, where ng

where FSR is the free spectrum range of the resonator,

and L is the roundtrip distance. During this distance l, the power loss will be 10log( 1e ) after the
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normalization with the unit dB. So the propagation loss can be normalized to be:

α=

10log( 1e )
ng ω
1
=
10log( )
l
cQ
e

(1.6)

For example, F SR = 9.5nm, L = 124.25µm, λ0 = 1536nm, ng = 2, Q = 15360, the intrinsic loss
would be α = 23.6dB/cm.

1.2.3

Power In The Resonator
The cavity lifetime τ is defined by

dE
dt

= − τ1 E, where E is the stored energy in the cavity.

In a steady state, the dropped power into the cavity is equal to the power loss, so Q = 2π ×
Energy−stored−inside−cavity
power−loss−per−optical−cycle

= ω PEd . Pd is the dropped power, which can be understood that there is

constant power supply from the outside during the ringdown time τ . The circulating power is equal
to the ratio of the stored cavity energy (E) over the roundtrip time τr . τr =

14

L
vg

=

Lng
c

=

λ20
F SR×c .

So the circulating power is:

Pcir =

Since Pd =

E
E · c · F SR
=
τr
λ20

(1.7)

ωE
Q ,

Pcir
F SR · Q
=
Pd
2πλ0

(1.8)

At critical coupling, Q = 2Qt = 2 λδλ0 , where the δλ is the FWHM.
Pcir
F SR
λ0
F
=
×2
=
Pd
2πλ0
δλ
π

(1.9)

Here F is the finesse of the cavity, and the F
π is the enhancement factor. Recall Eqn.1.5 and
q
µ = τ1c , the output power on resonance(∆ω = 0) is

Pout =

By replacing τc =

Qc
ω0

and τ =

Q
ω0

τc − τ 2
Pin
τc + τ

(1.10)

into above equation, we have

Pd = Pin − Pout = [1 − (

Qc − Q 2
4Qc Q
) ]Pin =
Pin
Qc + Q
(Qc + Q)2

(1.11)

By replacing Eqn.1.11 into Eqn.1.8, we can get the normalized circulating power as:
Pcir
F SR · Q 4Qc Q
=
Pin
2πλ0 (Qc + Q)2
Figure 1.7 shows the normalized circulating power as a function of the ratio

(1.12)

Qc
Q .

Clearly,

the maximum circulating power can be obtained at critical coupling.

1.2.4

Example Test In A Ring Resonator
To better demonstrate the microresonator basics, we show the measurement results of a

typical ring resonator in this section. Figure 1.8(a) shows the wide transmission spectrum of a
silicon nitride ring resonator. The ring has the radius of 20µm, the mode effective index is 1.95

15

Figure 1.8: (a) A wide transmission spectrum of a ring resonator as shown in the subset. (b)
Theoretical fit in one resonance. (c) Transmission spectra of the devices with different coupling
strengths.
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and the coupling waveguide is 408nm away from the ring resonator. The FSR is measured to be
4.03nm. Figure 1.8(b) shows the theoretical fit around one resonance using Eqn. 1.5. The intrinsic
quality factor is 2.8 × 104 . Figure 1.8(c) shows the transmission spectra for the devices with different
coupling strengths. The transmisson on resonance is quite dependent on the coupling strength, which
is directly related to the gap between the waveguide and the ring resonator. When the gap distance
between the ring resonator and the coupling waveguide is less than 408nm, the ring resonator is
overcoupled.

1.2.5

Mechanical Resonator

Figure 1.9: Mathematical model for a mechanical resonator. k is the spring constant, Γm is the
mechanical dissipation rate, m is the mass of the block.
A free-standing optical resonator is intrinsically a mechanical resonator. To analyze the
motion of the mechanical resonator, it is necessary to develop a mathematical model to approximate
its dynamic behavior. Figure 1.9 shows the mathematical model, where a block is hung on a spring
with some damping. Assuming that the origin of the absolute system of coordinates coincides with
the centre of gravity of the body when the body stays in a equilibrium, the equation of motion of
17

the block is:

mẍ = −kx −

m
Γm ẋ + F (t)
2

(1.13)

where −kx describes the restoring force from the spring and − m
2 Γm ẋ describes the damping
force induced by the mechanical loss during the mechanical motion. Γm =

Ωm
Qm

is the mechanical

dissipation rate. Ωm is the natural frequency of the undamped system, and Qm is the mechanical
q
k
quality factor of the damped system. Ωm = m
. So the standard form of the mechanical equation
is:

ẍ + Ω2m x +

1.3

Γm
F (t)
ẋ =
2
m

(1.14)

Cavity Optomechanics

Figure 1.10: Schematic of an optomechanical system in a Fabry-Perot cavity. The two mirrors form
an optical cavity and one of the mirrors is free to move.
After the above introduction about the optical and mechanical resonators, the optomechan18

ical interaction in an optomechanical system will be discussed in this section. Figure 1.10 shows the
schematic of an optomechanical system in a Fabry-Perot cavity, and one of the mirrors also functions
as a mass-on-a-spring. Such a configuration is a simplified embodiment of a microresonator. The
incident optical power will be resonant with a cavity mode when the phase-match condition is met.
Then the circulating power will exert a force on the movable mirror, leading to its movement. Reciprocally, the mirror motion modifies the optical round trip condition, changing the detuning of the
cavity resonance with respect to the incident field. This process will cause the system to establish
a new equilibrium condition. Due to the nonlinear feature of the optical transfer function as shown
in Eqn 1.5, the coupling between the optical cavity mode and the mechanical motion of the mirror
can manifest itself as a hysteretic hehavior. If both the photon and phonon lifetime is high enough,
the dynamical back-action phenomena will emerge.

1.3.1

Dynamic Back-Action
Figure 1.11 shows the work picture and sideband picture of the dynamical back-action. In

Fig. 1.11(a), the force exerted by the optical circulating power possesses the same characteristic
as the Lorentzian transmission as shown in Fig. 1.6. First we consider one cycle of the mechanical oscillation. When the mirror is placed in a slope, for example on the red detuned side(input
wavelength is larger than the resonance wavelength denoted by the red area in Fig. 1.11(a)), the
force will be smaller than expected as the mirror moves in the direction to the cavity resonance
due to the finite cavity photon lifetime. It will take some time for the photons to leak out and
then build up whenever the mirror position changes. So the optical force cannot respond instantaneously with respect to the position change of the mirror, where there is a delay. Then the force
will be higher than expected when the mirror retracts to its original position. Since the force path
follows a contour circumscribing an area and hence work will be done during the cycle. The sign
of the work depends on which side the mirror is originally located. On the red/blue detuned side,
the work is negative/positive, meaning that there is mechanical/optical energy transferred to the
optical/mechanical energy. Note that the non-zero area due to the net-work reduces as the photon
lifetime shortens(the resonance linewidth broadens).
Figure 1.11(b) shows the sideband picture, providing an alternate route to understand the
dynamical back-action process. When the input frequency is detuned from the cavity resonance,
two asymmetric sidebands can be generated due to the intrinsic mechanical motion. Due to the
19

Figure 1.11: (a) Force versus the displacement of the mirror. (b) Sideband picture of the dynamical
back-action process.
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nonlinear feature of the cavity resonance, one sideband close to the resonance will be enhanced
while the other sideband will be weakened. So the energy is transferable between the optical domain
and mechanical domain.

1.3.2

Coupled Equations
Mathematically, the non-adiabatic response of the optical field to the changes of the cavity

size gives rise to the following coupled equations:
r
da
1
1
= (j∆ −
)a − j
S0
dt
2τt
τc
Fo
Γm
Fth
ẋ =
ẍ+Ω2m x +
+
2
mef f
mef f
Compared to Eqn. 1.2, Sin = S0 e−jωt , ∆ = ω − ω0 ,

1
τt

=

(1.15)
(1.16)

1
τ

+ τ1c , and µ =

q

1
τc .

∆ accounts

for the detuning of the pump laser frequency ω with respect to the cavity resonance ω0 . The effective
mass mef f is used here since the parts in the moving structure with low velocity have reduced mass
compared to those with higher velocity and this mass describes in large part the strength of the
coupling between optical and mechanical modes. Fo and Fth denote the optical force and thermal
2

force, respectively. The optical force is Fo = − gomω|a| . The thermal force Fth obeys hFth (t)Fth (t0 )i =
Γm kB Tr mef f δ(t − t0 ), where kB is the Boltzmann constant and Tr is the termperature of the resonator. The thermal force ensures the fluctuation dissipation theorem so that the total steady state
R
of the mechanical energy without optical pumping is Em = Ω2 mef f |χ(Ω)Fth (Ω)|2 dΩ = kB Tr ,
where the mechanical susceptibility is χ(Ω) =

1
mef f (iΩΓm +Ω2m −Ω2 ) .

When the change of the cavity

size modifies the cavity resonance, the cavity detuning becomes:

∆0 = ∆ − gom x̄

(1.17)

This couples together the Eqn. 1.15 and Eqn. 1.16. Recall in Eqn. 1.1, we introduce the parameter
gom for the first time, and gom describes how much the resonance frequency shifts upon the cavity
movement. Considering purely the static solutions for the displacement of the coupled equations,
we set the time derivative terms in both Eqn. 1.15 and Eqn. 1.16 to be zero and neglect the thermal
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force:

ā =

q

1
τc S0
j∆0 − 2τ1t

j

x̄ = −

gom |a|2
mef f Ω2m ω

(1.18)
(1.19)

For sufficiently high power, bi-stable behavior can be observed [52] and will not be covered in this
thesis.
In a general case, the amplitude of the mechanical oscillation is very small, allowing us to
take advantage of the perturbation theory on a and x. So we have a(t) = ā + δa(t), x(t) = x̄ + δx
and replace them in Eqn. 1.15 and Eqn. 1.16. We arrive at:
r
dδa
1
1
= (j∆0 −
)δa − jgom āδx − j
δS
dt
2τt
τc
d2 δx Γm dδx
gom
Fth
+
+ Ω2m δx = −
(āδa∗ + ā∗ δa) +
2
dt
2 dt
mef f ω
mef f

(1.20)
(1.21)

Assuming that there is no modulation at the input, δS = 0, we solve the above equation in the
frequency domain and get the mechanical euqation:
 2

Γm
jg 2 |ā|2
1
1
F˜th (Ω)
(Ωm − Ω2 − j
Ω) + om
+
δ x̃(Ω) =
(1.22)
0
0
2
mef f ω j(∆ + Ω) − Γt /2 j(∆ − Ω) − Γt /2
mef f
Here, Γt =

1
τt ,

Γc =

1
τc

and Γ =

1
τ

are for a better demonstration. δ x̃(Ω) and F˜th (Ω) are the

Fourier transform of δx(t) and Fth (t), respectively. The term proportional to the intra-cavity optical
energy |ā|2 describes the impact from the optomechanical coupling to the mechanical motion, which
changes the mechanical frequency (optical spring effect) and the damping rate (dynamic backaction). Assuming that the new mechanical resonance and a new dissipation rate are Ω0m and Γ0m ,
the Eqn. 1.22 can be rewritten as

[(Ω0m )2 − Ω2 − j

Γ0m
F˜th (Ω)
Ω]δ x̃(Ω) =
2
mef f
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(1.23)

where

(Ω0m )2 = Ω2m +

2
2gom
|ā|2 ∆0
∆02 − Ω2 + (Γt /2)2
·
mef f ω
[(∆0 + Ω)2 + (Γt /2)2 ] · [(∆0 − Ω)2 + (Γt /2)2 ]

(1.24)

2
∆0
gom
|ā|2 Γt
·
mef f ω
[(∆0 + Ω)2 + (Γt /2)2 ] · [(∆0 − Ω)2 + (Γt /2)2 ]

(1.25)

Γ0m = Γm −

The power spectral density(PSD), which is the direct signature of the mechanical displacement in
the frequency domain, is described as

Sx (Ω) = mef f Γm kB T |χ0 (Ω)|2

(1.26)

where the new mechanical susceptibility is associated with Ω0m and Γ0m . In time domain, the transmitted optical power from the resonator is given by

Pout (t) = |Sin + j

p
p
∗
Γc a(t)|2 ≈ Pout + j Γe [Sout
δa(t) − Sout δa∗ t]

(1.27)

Transfer the above equation into frequency domain and solve together with Eqn. 1.20 and 1.21, we
can obtain the perturbation of transmitted power δ P̃t (Ω) as

δ P̃t (Ω) =

jΓc Pin gom δ x̃(Ω)  (Γ − Γc )/2 + j∆0
(Γ − Γc )/2 − j∆0 
−
02
2
0
∆ + (Γt /2)
Γt /2 − j(∆ + Ω) Γt /2 + j(∆0 + Ω)

(1.28)

The PSD of the transmission is

2
2
Sp (Ω) = gom
Pin
Sx (Ω)H(Ω)

(1.29)

where H(Ω) is the cavity transfer function defined as

H(Ω) =

Γ2c
4∆0 (Γ2 + Ω2 )
·
[∆02 + (Γt /2)2 ]2 [(∆0 + Ω)2 + (Γt /2)2 ] · [(∆0 − Ω)2 + (Γt /2)2 ]

(1.30)

And this is the equation we use to extract the gom from the experimental data in the following
chapters.
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Chapter 2

Enhanced Gradient Force in
Waveguides
Optical forces between coupled waveguides are very important for mechanical reconfiguration and small object manipulation in chip-scale micro/nano photonic devices. It has been experimentally demonstrated that such forces can reach a few pN/µm/mW and lead to several nanometer
displacement of suspended waveguides in a silicon-on-insulator (SOI) platform [18, 24, 25, 35]. In
these demonstrations, nanoscale silicon waveguides are used to enhance the optical fields outside the
waveguide core to obtain large optical forces. In asymmetrically coupled waveguides, optical forces
can be enhanced by satisfying phase matching conditions [53]. Further enhancing optical forces
is of great interest for manipulating biological cells and obtaining larger mechanical displacement.
It has been demonstrated that optical forces can be enhanced by use of the cavity resonance of a
high-Q (quality factor) optical resonator [17, 54] and slow light in photonic crystals [55]. However,
these approaches require complex designs. In addition, the resonance enhancement usually has very
limited bandwidth. In the context of using focused laser beams to manipulate small particles in
free space, plasmonic effects are widely used to enhance optical forces [56–58]. Optical forces in one
dimensional multilayer plasmonic slab waveguides have also been investigated [59].
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2.1

Plasmonics
Plasmonics is the interaction of light with matter in nanostructured metallic structures,

where the surface plasmons(SPs) propagate along the surface of the metallic structure [60]. SPs are
the light waves occurring at a metal/dielectric interface. The waves are trapped near the surface as
they interact with the plasma of electrons near the metal surface, so they provide the opportunity
to confine light to very small dimensions. SPs are bound to the metallic surface with exponentially
decaying fields in the neighborhood. Due to the unique features of SPs, plasmonics allows breaking
the diffraction limit for the localization of light into subwavelength dimensions and enables strong
field enhancements. By taking advantage of the strong field enhancements in plasmonic waveguide,
strong optical gradient field can be generated, thus large optical gradient force can be achieved.

2.2

Hybrid And Plasmonic Waveguides
In this section, we investigate optical forces in two dimensional hybrid waveguides in which

a dielectric waveguide is coupled with a metal substrate (Fig. 2.1(b)) and plasmonic waveguides in
which two identical metal waveguides are coupled (Fig. 2.1(d)-(f)). In comparison with their corresponding dielectric structures, optical forces in both hybrid and plasmonic waveguides are greatly
enhanced due to stronger evanescent waves and larger field gradients. We also compare coupled
plasmonic waveguides with different geometries. Interestingly, although the coupled triangular plasmonic (bowtie) waveguide has the strongest field enhancement, it provides the weakest optical forces.
This is because optical fields are only enhanced between two waveguide tips (the “hot spot”) while
optical fields outside this region are weak and uniform. We further show that the plasmonic enhancement mechanism is non-resonant, which means that it can be applied to a broad wavelength
range. Lastly, we analyze the impact of the propagation loss in these waveguides.

2.2.1

Geometries
All the structures studied are shown in Fig. 2.1. Not only the cross section area is kept

constant, it is the geometry. Due to the structure symmetry, optical forces only exist along the
vertical direction. We calculate the optical force exerted on the individual waveguide by integrating
the Maxwell Stress Tensor (MST, see Appendix A), where the integral should be taken over the
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Figure 2.1: (a) A silicon core/silica substrate coupled dielectric waveguide. The width and thickness
of the silicon waveguide are 600nm and 200nm, respectively. (b) A silicon core/silver substrate coupled hybrid waveguide. (c) Coupled silicon waveguides. (d) Coupled rectangular silver waveguides.
(e) Coupled circular silver waveguides. (f) Coupled triangular silver waveguides.
surface enclosing the waveguide.
Z 
< F >=
L




µ
µ
Re[(E · n̂)E ∗ ] − (E · E ∗ )n̂ + Re[(H · n̂)H ∗ ] − (H · H ∗ )n̂ dl
2
4
2
4

(2.1)

 is the dielectric constant of the surrounding medium, µ is the permittivity, n̂ is the outward
unit normal to the surface, and dl is the unit area of the surface. The sign of the force is in y
direction in the coordinate system in Fig. 2.1. We calculate the force of the above waveguide in each
structure. So negative sign is in −y direction, which means attractive force, and positive sign means
repulsive force. The electric and magnetic field distribution of the waveguide eigenmode are obtained
from COMSOL Multiphysics. The simulation wavelength is 1.55µm. nsilicon =3.5, nsilica =1.45, and
silver =-125.2438+4.4191i.

2.2.2

Plasmonic Enhancement In Waveguide/Substrate System
We first compare a silicon core/silica substrate coupled dielectric waveguide in Fig. 2.1(a)

with a silicon core/silver substrate coupled hybrid waveguide in Fig. 2.1(b). Figure 2.2(a) shows
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the fundamental quasi-TE mode of the coupled dielectric waveguide, which is also the only confined
mode in this structure. Here, quasi-TM mode means the magnetic field along the x-y plane is
dominant and quasi-TE mode means the electric field along the x-y plane is dominant. The silica

Figure 2.2: (a) Normalized electric field of the fundamental quasi-TE mode of a silicon core/silica
substrate dielectric waveguide. (b) The force exerted on the silicon core as a function of the gap
distance between the core and the substrate.
substrate has limited impact on the mode distribution since the silicon core size is relatively large
here. The optical fields located on the upper and lower waveguide core surface are similar, which
results in small optical forces exerted on the silicon core as shown in Fig. 2.2(b), which agrees with
the results in reference [18].
The hybrid waveguide supports two modes: the quasi-TE mode shown in Fig. 2.3(a) and
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the quasi-TM mode shown in Fig. 2.3(b). Since planar surface plasmons do not efficiently couple
to TE modes, the overall distribution of the quasi-TE mode in the hybrid waveguide (Fig. 2.3(a))
is similar to that in the coupled dielectric waveguide (Fig. 2.2(a)). But in the gap region, the

Figure 2.3: (a) Normalized electric field of the hybrid quasi-TE mode. (b) Normalized electric field
of the hybrid quasi-TM mode (c) The forces in the hybrid plasmonic waveguide.
field distributions are different. The dot line in Fig. 2.3(c) shows the corresponding optical forces
associated with the hybrid quasi-TE mode. The forces change from negative to positive when the
gap distance exceeds a critical value. When the gap distance is smaller than 20nm, the optical
forces are greatly enhanced compared to the coupled dielectric waveguide. The field distribution
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of the hybrid quasi-TM mode in Fig. 2.3(b) is very different from the quasi-TE mode. Due to

Figure 2.4: (a) Ex component of the fundamental even mode. (b) Ex component of the fundamental
odd mode. (c) The forces generated by the modes in (a) and (b).
the efficient coupling between planar surface plasmons and TM modes, almost all the optical field
energy is confined in the gap region. This mode profile not only enhances the field intensity at the
lower waveguide core surface but also increases the difference between optical fields at the upper and
lower surfaces (larger gradients). Thus, as shown in the solid line in Fig. 2.3(c), the optical forces
associated with the hybrid quasi-TM mode are further enhanced by a factor of 3 in comparison with
the quasi-TE mode. In Fig. 2.3(c), optical forces in the hybrid waveguide are more sensitive to the
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gap size. Because surface plasmons are highly confined at the metal surface, the coupling between
surface plasmons and core waveguide modes decreases rapidly when the gap size increases. So does
the enhancement of optical forces in the hybrid waveguide. Three years after our publication, the
optical force enhancement in the hybrid system is experimentally demonstrated in reference [61].

2.2.3

Plasmonic Enhancement In Other Configurations
We then analyze the symmetric coupled dielectric waveguides and plasmonic waveguides

shown in Fig. 2.1(c) to (f). Since these structures all consist of two identical waveguides, they
support even and odd supermodes. The fundamental even and odd modes of the coupled silicon
waveguide are shown in Fig. 2.4 (a) and (b), respectively. For these two modes, Ex is the dominant
transverse electric field component. Figure 2.4(c) shows the forces generated by these two modes.
The forces generated by the even mode are always negative. But the forces generated by the odd
mode are negative when the gap is small and become positive when the gap is large. This property
is determined by the field distributions. For the even mode, the electric field intensity in the gap
region is always larger than that around the top and bottom boundaries of the coupled waveguide;
but for the odd mode, this is only true when the gap is smaller than a critical value (∼17nm here).
For the coupled plasmonic waveguide, we only show the odd supermodes in Fig. 2.5(a) to (c) and
the corresponding optical forces in Fig. 2.5(d). All the even modes are not discussed here since they
are weakly confined.
In the context of subwavelength scale confinement, only odd modes are useful in coupled
plasmonic waveguides at near infrared. On the contrary to the coupled dielectric waveguide, the odd
modes in all the coupled plasmonic waveguides only generate negative forces. This is because most
of electric energy is always confined in the gap region for these modes. Comparing the rectangular
coupled silicon and silver waveguides, we find that the forces are greatly enhanced in the coupled
silver waveguides, especially when the gap is smaller than 15nm. Among three different plasmonic
waveguides, the coupled rectangular waveguide exhibits the strongest force and the bowtie waveguide
exhibits the weakest force. This can also be explained by their modal distributions. For the bowtie
waveguide, the electric field is tightly confined in a small region between two tips while the field
outside this region is weak and uniform. This provides very strong field enhancement at the “hot spot.
However, we need to integrate the field components along a contour enclosing a single waveguide
when calculating the optical force. Thus the optical mode in a bowtie plasmonic waveguide results
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in weak force.

Figure 2.5: (a-c) Ez component of the odd supermode in the coupled rectangular (a), circular (b)
and triangular (c) silver waveguides. (d) The forces generated by the modes in (a) to (c).

2.2.4

Nonresonant Feature And Loss Analysis
Figure 2.6(a) shows the force enhancement in rectangular plasmonic waveguides with the

gap distance of 10nm at different wavelengths. For the enhancement factor, we use the ratio of
the force generated by the odd mode in plasmonic waveguides to that generated by the even mode
in dielectric waveguides since they are always negative. The enhancement factor keeps around 20
in a broad wavelength range from 1.3µm to 1.7µm due to its non-resonant nature. The solid line
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in Fig. 2.6(b) shows that the enhancement decreases very fast with the increasing gap distance
between individual waveguides. In order to get more than one order of magnitude enhancement,

Figure 2.6: (a) Enhancement of optical forces in rectangular plasmonic waveguides with the gap of
10 nm at different wavelengths. (b) Enhancement of optical forces and loss in rectangular plasmonic
waveguides at different gap sizes.
the gap distance should be smaller than 20nm. This is also because the coupling between plasmonic
waveguides decreases rapidly when the gap distance is large. Since the coupled plasmonic waveguides
have high propagation losses with the small gap distance, the optical power will decrease along the
propagation direction and the optical forces will decrease proportionally. The dashed line in Fig.
2.6(b) shows the propagation power loss at different gap distances. There is a clear compromise
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between the force enhancement and loss. The overall enhancement factor still can be large with the
consideration of loss. For example, when the gap is 10 nm, the loss is about 3dB for a 5µm long
waveguide and the enhancement is 20. This means that the optical force is enhanced by a factor of
20 at the entrance point and by a factor of 10 at the exit point.
In conclusion, we have investigated the plasmonic enhancement of optical forces by comparing hybrid and plasmonic waveguides with conventional dielectric waveguides. We show that optical
gradient forces can be enhanced by an order of magnitude due to stronger evanescent fields and
larger field gradients. Among different plasmonic waveguides, we find that the coupled rectangular
waveguides provide the strongest enhancement and the bowtie waveguides provide the weakest enhancement. Due to its non-resonant nature, this enhancement mechanism can be applied to a broad
wavelength range at near infrared. We further consider the impact of loss and show that the overall
enhancement still can be large for several-micron long plasmonic waveguides.
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Chapter 3

Fiber-to-chip Coupling
Before we move on to the experimental stage to study the optical forces in nanophotonic
structures, we will first discuss about the techniques we use to couple the light signals into the
on-chip photonic devices.
Strongly-confining waveguides are essential elements for implementation and dense integration of high-performance microphotonic circuits on a chip. Usually, the optical input is generated
outside the chip and then transmitted onto the chip through an optical fiber. Due to the different
mode sizes between the standard single-mode fiber and the sub-micron waveguides, the coupling of
light between the fiber and a sub-micron strong-confinement waveguide is not a trivial task. Generally, there are two categories of coupling depending on whether or not the optical fiber is located in
the same plane with the optical chip: in-plane and out-of-plane. Currently, several coupling techniques have been developed, such as gratings-based coupler, inverse-taper based coupler and tapered
fiber coupler. In this chapter, we will talk about three types of couplers used in our experiments:
lensed fiber coupler, gratings coupler and dimpled fiber taper.

3.1

Lensed Fiber Coupler
Firstly, I will discuss the lensed fiber coupler, which is manufactured by laser shaping the

endface or polishing the endface. Two tapers are needed for the input and output, and two 3D
stages are also needed to control the position of the tapers for optimal coupling. In our experiments,
the lensed fibers are purchased from OZ Optics Ltd.
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Figure 3.1: (a) Optical microscope image of the lensed fiber coupling to the on-chip waveguide. (b)
SEM image of the tapered waveguide on the chip.

3.1.1

Testing
Figure. 3.1(a) shows an example of the lensed fiber coupling to the on-chip waveguide.

The lensed fiber used here has the polished endface, with the spot size of 5 ± 0.5µm and working
distance about 26 ± 3µm. A 5µm wide waveguide is used to couple the light signal to the chip with
minimal loss. Since the on-chip waveguide has the dimension of 500nm by 300nm, a 40µm long
tapered waveguide is designed to connect the 5µm waveguide to the 500nm waveguide to optimize
the loss, which is shown in the subset of Fig. 3.1(b). Figure. 3.1(b) shows the SEM image of the
tapered waveguide. In this setup, the best coupling loss can be achieved around 7dB per facet for
the quasi-TE mode. In this type of coupling, the optical loss is mainly limited by the height of the
device layer. For the device layer of 110nm, the optical loss will be 9dB per facet for the quasi-TE
mode. An inverse taper with insertion loss less than 1dB can be achieved, which needs more delicate
design and fabrication [62].

3.2

Gratings Coupler
The major drawback of the lensed fiber coupling is that it can be only used to couple at

the edges. So it is desirable to design a surface coupler, which does not require polishing of facets
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Figure 3.2: A tilted fiber couples to the gratings. There is an oxide cladding layer on the gratings
and the device layer is silicon nitride.
and allows wafer-scale testing of photonic integrated circuits. Waveguide grating coupler is a good
solution to this task.

3.2.1

Design
Figure 3.2 shows the schematic design of the fiber coupling to the gratings. The fiber is

tilted with the angle θt compared to the chip surface. As shown in right panel of Fig. 3.2, the
incident angle is equal to θt due to the oxide cladding on the chip, which has the same refractive
index with the fiber core. So the phase matching condition between the guided TE mode and a
diffraction order of the grating is governed by the following equation:

k0 noxide sin(θt ) + p

where k0 =

2π
λ ,

2π
2π
= nef f
∧
λ

(3.1)

noxide is the refractive index of the oxide(top cladding layer), p is the diffraction

order(+1 here), ∧ is the grating pitch, and nef f is the effective index of the mode in the grating.
Figure 3.3 shows the calculation results of the grating pitch values when varying the parameters of θt and nef f . In Fig. 3.3(b), the results are obtained at the holder angle of 10o and 20o . In
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Figure 3.3: (a) Gratings pitch values versus the tilt angle and the mode effective index of the
corrugated waveguide. (b) Grating pitch values versus the mode effective index at the tilt angles of
10o and 20o .
our case, we choose the angle 20o for the easy observation of the device under the microscope.
Figure 3.4(a) shows the final design of the gratings and D is the padding length. Figure 3.4(b)
shows the simulated transmission per coupler at different values of D using COMSOL Multiphysics.
Obviously, the transmission does not vary too much for different D values. In our case, we choose
the D value of 6µm.

3.2.2

Fabrication
Figure 3.5(a) shows the fabrication process flow for the gratings. We start from the original

wafer with 4µm thick buried oxide on silicon substrate. 300nm thick silicon nitride is deposited
on the oxide and the Ebeam lithography is used to define the pattern. After the dry etch of the
silicon nitride and the resist removal, the pattern is transferred to the device layer. Lastly, 1µm
thick PECVD is deposited on top of the device as the cladding. Figure 3.5(b) shows the microscope
image of the two grating couplers connected with a waveguide.
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Figure 3.4: (a) Gratings pattern including three parts: taper to the waveguide, grating coupler, and
the padding region. D is the padding length. (b) Simulation results of the grating transmission with
different D values. The duty cycle is 50% and the pitch value is set to 1µm in the simulation.

Figure 3.5: (a) Fabrication process flow of the gratings. (b) Microscope image of the fabricated
device.
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Figure 3.6: Transmisson losses for the grating couplers with different pitch values

3.2.3

Testing
Figure 3.6 shows the measurement results of the transmission losses for the grating couplers

with different pitch values. The best coupling is obtained at the pitch value of 1.15µm with the
bandwidth over 50nm and loss about 19dB for in-and-out. The loss here includes the scattering loss
in the waveguide. Overall, the insertion loss in the grating coupler is at the same level as that of
the lensed fiber, but it provides more versatile coupling to a large amount of devices. Also, curved
gratings and layer stack can be utilized to improve the coupling efficiency [63].

3.3

Dimpled Fiber Taper
Silica fiber taper evanescent-coupler has been designed for a wafer-scale testing of on-chip

photonic components, including straight fiber tapers and curved fiber tapers. For the straight fiber
taper, it has to be elevated by several microns above the chip surface to avoid attaching to the
substrate, which limits its usage to certain devices. Curved fiber tapers have been demonstrated
to reduce the coupling loss to the substrate, but it is less mechanically stable than the straight
fiber taper. In this section,we will talk about the dimpled fiber taper, which is mostly used in our
experiments.
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3.3.1

Testing

Figure 3.7: (a) Schematic of the coupling from the dimpled fiber taper to the chip. (b) Fabricated
dimpled fiber taper.
Figure 3.7(a) shows the schematic of the dimpled fiber taper. It is made from a standard
straight fiber taper pressed against a mold and heated. Firstly, we thin down a standard telecommunication fiber by simultaneously heating and pulling it and the fundamental core-guided mode is
adiabatically converted to the fundamental taper mode extending evanescently into the surrounding
medium. Then the fiber is mounted in a U-bracket(see in the Appendix C) and the narrowest part
of the fiber is pressed against a bare optical fiber with a desired radius of 80µm. Both the taper and
the mold are heated with a hydrogen torch. After cooling the taper and detaching it from the mold,
the taper keeps the same shape with the mold, which forms the global minimum as a dimpling.
Figure 3.7(b) shows the fabricated fiber taper under optical microscope and it has the diameter of
about 1µm. In our experiments, the dimpled fiber taper introduces 2dB additional loss. In order to
couple to the devices on the chip, the fiber taper has to be placed in a U-mount with a set screw to
control the tensioning. By adjusting the tension on the taper, the dimpling can be shallow or deep.
Credit has to be given to my colleague, Ruoyu Zhang, for helping fabricate the dimpled fiber taper.
In summary, we discuss about three types of coupling from the optical fiber to the on-chip
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devices. Lensed fiber coupler is the easiest one for fast coupling. The gratings-based coupler provides
the versatile coupling to a large scale of devices. The dimpled fiber taper is easy to achieve ultra-low
insertion loss, but is vulnerable to the water absorption and fluctuation in the air flow. Also it is
easy to install in a vacuum chamber since it requires the So in our experiments, we use lensed fiber
for easy testing, use grating coupler for a large amount of devices, and use dimpled fiber taper in a
vacuum chamber.
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Chapter 4

Optomechanical Oscillator
The coupling between the mechanical oscillation and the optical field in a cavity has attracted a lot of attention in photonics [8, 11, 14, 27, 31]. It has enabled a wide variety of applications
ranging from mechanical sensing to RF signal processing [35, 37, 40, 65–67]. The optomechanical
oscillators operating at high frequencies have been investigated for their great potential in both fundamental research and practical applications of high speed and large bandwidth systems [26,68–70].
It has been demonstrated that GHz frequency resonators can be achieved in optomechanical crystals
with bandgaps for both optical and mechanical modes [71,72], wheel resonators by exciting the high
order radial breathing modes [64, 73, 74], and small disk resonators with diameters of only several
microns [32, 42, 75, 76].
From this chapter on, I will mainly focus on the radiation force in microresonators. As
shown in Eqn. 1.25, the mechanical damping can be minimized by the optical force when the input
frequency is blue detuned(∆0 > 0). In this case, the mechanical motion can be amplified. When the
optical gain overcomes the mechanical damping, the resonator can oscillate and the mechanical Q
increases dramatically. By optimizing the optomechanical coupling efficiency and effective mass, low
oscillation threshold can be achieved. In this chapter, I will investigate three types of microresonators
and the oscillation threshold improves from 500µW to 8µW . The optomechanical efficiency increases
from 0.8GHz/nm to 120GHz/nm, the effective mass decreases from 2ng to 6pg, and the oscillation
frequency increases from 10MHz to 1GHz.

42

4.1
4.1.1

Silicon Nitride Disk
Design
First, I will discuss about the silicon nitride disk resonator since it is easy to fabricate

and integrate. Owing to its moderately high index of refraction( n ∼ 2 − 2.5), large transparency
window (6µm > λ > 300nm) and low thermal optic coefficient (3.3 × 10−6 /o C), SiNx is an excellent
choice for guiding and localizing light. The high refractive index contrast with air or oxide makes it
attractive on WGM microcavities and photonic crystal structures. The low absorption loss across
the visible and near-IR wavelengths allows the SiNx to be a good candidate on the applications
of atomic and atomic-like species. Also, we take its advantage of the best material for high-QM
nanomechanics in our application.
Figure. 4.1(a) shows the schematic of coupling from a waveguide to the silicon nitride disk
resonator with partial undercut. The waveguide is used to couple the light signal into the resonator.
The output signal will be modulated due to the disk vibration. Figure. 4.1(b) and (c) show the
fundamental mechanical mode profiles. Here, the fundamental flapping mode is shown instead of
the fundamental breathing mode since the flapping mode has better coupling efficiency with the
optical mode due to the deformed shape(discussed later). Figure. 4.1(d) shows the optical mode
with parameters m = 85 and ρ = 1.

4.1.2

Fabrication
The device is fabricated on high stress LPCVD nitride and rests on thermally grown oxide.

First, 300nm high stress nitride is deposited by low pressure chemical vapor deposition(LPCVD).
Highly circular pattern is transferred via Ebeam lithography and non-pattern area nitride is etched
down with CHF3 /O2 in ICP based system. After the Ebeam resist removal, 49% HF is applied to
selectively etch away the oxide under nitride disk. Figure 4.2 shows the fabrication process flow and
Figure 4.3 shows the SEM inspection of the fully processed device. Disk diameter is 30µm and the
central post diameter is 20µm. The slightly deformed shape on the edge is due to the high stress of
the material(1.2GPa), which makes the optical mode couple to the flapping mode better.
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Figure 4.1: Schematic of the silicon nitride disk resonator with a coupling waveguide. The disk
resonator has partial undercut.
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Figure 4.2: Fabrication process flow for the nitride disk resonator.

Figure 4.3: SEM of the fabricated silicon nitride disk resonator. The disk diameter is 30µm and the
undercut is 5µm.
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4.1.3

Measurement
Figure 4.4(a) shows the experimental setup for the nitride disk measurement. The dimpled

fiber taper is used to couple light into the resonator. The PC is used to optimize the mode in the
taper for optimal coupling. The vacuum chamber helps to minimize the air damping. Oscilloscope
and ESA are used for optical and mechanical spectroscopy separately.
Figure 4.4(b) shows the on resonance transmission when the fiber taper is controlled to
approach the resonator in a step of 50nm. The critical coupling happens when the fiber taper is
about 350nm away from the resonator denoted by the red circle. The on resonance transmission is
only 0.67 which is limited by the mode matching between the fiber taper mode and the resonator
WGM. Figure 4.4(c) shows the optical transmission at critical coupling. The blue data shows the
slightly thermally shifted curve and the Shark-fin effect is caused by the minimum output power
from the laser (50µW ). This can be solved by inserting a variable optical attenuator after the laser
in the following measurements. The red line is the theoretical fit, and the intrinsic optical Q is
estimated about 4.4 × 105 .

(a)

(c)

(b)

Figure 4.4: (a) Experimental setup for the nitride disk measurement. TLS: Tunable Laser Source.
PC: Porlarization Controller. DUT: Device Under Test. PD: photodetector, New Focus 1611/1811.
ESA: Electrical Spectrum Analyzer, Agilent 8591E. (b) On resonance transmission versus the gap distance between the coupling waveguide and the resonator. (C) A high Q resonance around 1548.55nm.
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Then, I measure the RF spectrum of the device at the input wavelength shown by the arrow
in Fig. 4.4(c). Figure 4.5(a) shows the RF spectrum at low input power and the dropped power is
about 12µW . The central frequency of the RF peak is 9.678MHz with the mechanical Qm = 5 × 103 ,
and it corresponds to the mechanical mode shown in Fig. 4.1(b,c). Figure 4.5(b) shows the RF
spectrum at high input power and the dropped power is about 500µW . The mechanical mode starts
to oscillate at the dropped power of 500µW and the linewidth is 1.3 × 104 , which is limited by the
√
ESA. As the input power increases, the displacement sensitivity increases from 1 × 10−15 m/ Hz to
√
5×10−17 m/ Hz, and this is mainly due to the fact that the shot noise sensitivity and photodetector
sensitivity are inversely proportional to the Qm and dropped power. The optomechanical coupling
coefficient is determined as gom /2π = 0.8GHz/nm, and the detailed method we employed can be
found in Ref. [27]. Figure 4.5(c) shows the harmonics of the fundamental flapping mode due to the
nonlinear transfer function of the optical resonance(will be discussed later).

4.2
4.2.1

Silicon Nitride Wheel Resonator
Device Design And Fabrication
Since the above disk resonator has relatively low optomechanical coupling efficiency and

large rigidity, I will study the wheel resonator which can be regarded to have a hole in a disk
resonator. We choose the wheel resonator design for its combination of simplicity and high optical
quality factor in our experiment [64]. In order to achieve high optical Q, we design a 10µm wide
wheel resonator with three 700nm wide spokes connecting to the center support. The wide wheel
design helps protect the whispering gallery mode by avoiding the scattering loss from the spokes,
and the thin spokes are optimized to achieve small rigidity without collapse. The inner and outer
radii of the resonator are 24.3µm and 34.3µm, respectively. The fabrication is similar to that for the
disk resonator and the reflow process is applied before the dry etch to reduce the surface roughness.
To release the structure, the device is immersed in the buffered hydrofluoric acid for the removal of
the sacrificial SiO2 . In order to avoid the collapse of the fully released wheel resonator, the device
is subsequently dried using a critical point dryer. Figure 4.6 shows the SEM pictures of the final
device. The two mesas close to the resonator are used to support the nanostrings where the dimpled
fiber taper will be parked for stable coupling. The nanostrings are 6µm away from the resonator to
avoid the interference with the resonator mode.
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Figure 4.5: RF spectrum of the fundamental breathing mode at dropped power of 12µW (a) and
500µW (b). (c) Harmonic generation at the dropped power of 500µW .
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Figure 4.6: SEM picture of the fabricated device.

4.2.2

RF Measurement
Figure 4.7(a) shows the experimental setup. The input optical signal is launched into the

device via a dimpled fiber taper, which is placed on the strings for stable operation. The polarization
controller is used to optimize the coupling to the optical mode. The 10% branch from the coupler
is to tap the dropped power. The device is placed in a vacuum chamber, and the experiment is
conducted at the vacuum level of 5 × 10−1 Torr. Figure 4.7(b) shows the optical transmission as the
taper is placed about 400nm away from the device. The measured total Q is 2.7×105 and the intrinsic
Q is 3 × 105 . After identification of a high Q resonance, we record the RF spectrum by setting the
input laser wavelength at the blue detuning region for the purpose of achieving optomechanical gain.
Figure 4.8(a) shows the RF spectra of the fundamental breathing mode at different input
power. The subset shows the mode profile of the breathing mode. The input power increases from
3µW to 691µW and clearly the resonator oscillates at the input power of 691µW as denoted by
the red data. Due to the optomechanical spring effect, the peak position shifts from 54.47MHz to
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Figure 4.7: (a): Experimental setup. VOA: Variable Optical Attenuator; PC: Porlarization Controller; PD: Photodetector; ESA: Electrical Spectrum Analyzer. A dimpled fiber taper is used to
couple light into the resonator, and it is parked on the nanostrings. Nanostrings are supported
by the two mesas close to the fully released wheel resonator.The experiment is conducted under
vacuum pressure of 5 × 10−1 Torr. (b): Experimentally recorded cavity transmission (blue dot)
with theoretical fitting (red line) for an optical mode at wavelength 1557.542nm. Qi = 3 × 105 ,
Qt = 2.63 × 105 .
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Figure 4.8: (a) RF spectra of the fundamental breathing mode at different input power. (b) Mechanical Qm versus the input power.
54.374MHz. Figure 4.8(b) plots the mechanical Qm versus the input power and the mechanical
Qm is proportional to the mechanical energy of the breathing mode. When the optical energy is
transferred to the mechanical energy, the mechanical Q will increase. When the optomechanical gain
overcomes the mechanical energy dissipation, the resonator oscillates. Clearly, Figure 4.8(b) shows
the threshold behavior with the slope of 365µW −1 , and the threshold input power is about 430µW
with the dropped power of 80µW . The optomechanical coupling efficiency is gom /2π = 1.5GHz/nm
and the effective mass is 1ng. At even higher input power, harmonic generation of the fundamental
breathing mode can be observed as shown in Fig. 4.9(a). At the high input power of 1.65mW, 12th
order of the harmonics can be generated at 650MHz. Figure. 4.9(b) shows the high order mechanical
modes at input power of 0.69mW. The peaks at f1 and f2 represent the two degenerate high order
flexural modes. The peak at f3 represents the second order breathing mode.

4.3

Small Silicon Nitride Disk
Since the optomechanical coupling efficiency is quite dependent on the radius of the res-

onator for the WGM, we also study the small silicon nitride disk. Shrinking the size of the disk
resonator can not only help to obtain higher optomechanical coupling efficiency, but also achieve
higher mechanical frequency, which is desirable in the practical applications. When the disk size
is down to the wavelength size, for example R = 2µm, the optomechanical coupling coefficiency
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Figure 4.9: (a) Harmonics of the breathing mode at high input power. (b) The high order mechanical
modes of the wheel resonator.
would reach gom =

ω
R

= 2π · 97GHz/nm. Also, the small disk resonators have the advantages of

simple design, easy fabrication, while the optomechanical crystals require complicated design and
much optimized processing, and the wheel resonators have relatively low optomechanical coupling
coefficients at high frequrency. In addition, the small disk resonators possess a very small effective
mass and small footprint on chip. Recall Eqn. 1.25, the oscillation threshold can be obtained when
we set Γ0m = 0 as:

Pd =

mef f ω0 ΓΓm
[(∆0 − Ωm )2 + (Γt /2)2 ][(∆0 + Ωm )2 + (Γt /2)2 ]
2
2gom
Γ t ∆0

(4.1)

For disk resonator, the mechanical eigenfrequency is governed by:

hRJ0 (hR) + (σ − 1)J1 (hR) = 0

where h = 2πf

p

(4.2)

ρ(1 − σ 2 )/E, R is the radius of the resonator, f is the eigenfrequency, ρ is the

mass density of the material, σ is the poisson’s ratio of the material, E is the Young’s modulus of
the material. J0 /J1 is the zeroth/first order Bessel function. Here, we take the material properties
of silicon nitride as ρ = 3.29 × 103 kg/m2 , σ = 0.27, E = 310GP a.
Figure 4.10(a) shows the calculation of the eigenfrequency of the disk resonators with radius
from 1.5µm to 4µm. GHz frequency can be obtained when the radius is less than 2.5µm. Figure
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Figure 4.10: (a) Eigenfrequency of the fundamental breathing mode of small disk resonators as a
function of the disk radius. (b) Oscillation threshold calculation for a disk resonator with radius of
2µm versus the input detuning.

Figure 4.11: (a) |E|2 distribution of the WGM for the disks with radius 7µm, 6.5µm and 6µm. (b)
Optical Qt of the silicon nitride disk resonators with different radii.
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4.10(b) shows the threshold calculation of the disk resonator with the radius of 2µm versus the input
detuning, and the minimum threshold as small as 1.67µW can be achieved at optimal detuning.
However, the optical quality factor of the silicon nitride disk resonator degrades dramatically when
the radius is less than 6µm. Figure 4.11(a) shows the optical mode simulation for the disk resonators
with radius of 7µm, 6.5µm and 6µm. It clearly shows that the mode starts radiating when the disk
resonator has the radius less than 6µm. Figure 4.11(b) shows the measured Qt for the disk resonator
with radius ranging from 6µm to 10µm. In the experiments, the optical Q is less than 1.1×105 when
the radius is less than 6.5µm. This is mainly due to the low refractive index of the silicon nitride
material since gom ∝ Q3t . So we turn to silicon material for better confinement in small structures
in the next section.

4.4

Small Silicon Disk
In this section, we systematically investigate GHz optomechanical microdisk oscillators on

the platform of SOI. Recently, the optomechanical oscillators operating at GHz frequency have been
demonstrated on the platform of silicon on insulator(SOI) [74, 76]. Here we have tested small silicon
disks with different radii. For the disks with the radii of 1.5µm, 2µm, 2.5µm and 3µm, fundamental
breathing modes are detected. The mechanical Q is sensitively dependent on the undercut, since it
plays an important role in the mechanical energy dissipation. The silicon disk with the radius of
2µm and the undercut ratio of 90% oscillates at 1.27GHz under the dropped power below 10µW . We
also demonstate the phenomena of the instability and RF mixing above optomechanical oscillation
threshold.

4.4.1

Q Testing For Different Disks
We start from the SOI wafer with the device layer of 290nm and the buried oxide layer of

1µm. Different sizes of disks are patterned and different undercuts are obtained. We first characterize
the optical property of the devices with radius of 1.5µm, 2µm, 2.5µm, 3µm and 4µm. Generally,
the total optical Q of 1 × 105 can be obtained for the devices with radius larger than 2µm, but the
optical Q is only at the level of 1 × 104 for the devices with the radius of 1.5µm. Then we probe the
optomechanical transductions of all the devices. Figure 4.12(a) shows the extracted RF noise power
spectral density. For the devices with the largest undercut(r=2µm, undercut=90%), the mechanical
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Figure 4.12: (a) Optically transduced thermal noise power spectral density centered at the fundamental breathing modes. The undercuts for the devices with the radius of 1.5µm, 2µm, 2.5µm and
3µm are 85%, 90%, 80% and 70% respectively. The subset shows the mechanical energy loss for the
breathing mode. (b) Fundamental mechanical mode profile for the disks.
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Figure 4.13: (a) Experimental setup. VOA: variable optical attenuator. FPC: fiber polarization
controller. DUT: device under test. PD: photodetector. ESA: electrical spectrum analyzer. (b)
SEM image of the device tilted by 75o . (c) Side-view SEM image of the device.
Q is at the level of 103 . When the undercut ratio is below 85%, the mechanical Q is at the level
of 102 and the support pedestal is the major source of the mechanical energy dissipation [78–80].
The subset in Fig. 4.12(a) shows the mechanical energy dissipation for the fundamental breathing
mode, where the support post induces the major loss. For the device with the radius of 4µm and
the undercut ratio of 53%, no RF signal is observed even at the high input power of 500µW . To
achieve low threshold optomechanical oscillation, we focus on the devices with the radius of 2µm in
the following sections. Figure 4.12(b) shows the mode profile of the fundamental breathing mode
for the disk with radius of 2µm.
Figure 4.13(a) shows the experimental setup, where an EDFA and a VOA are added before
the photodetector to amplify the RF signal and at the same time to avoid reaching the saturation
power of the photodetector. As shown in the optical microscope image in Fig. 4.13(a), the color of
the 40µm long support strings is non-uniform due to the large buckling amplitude. Figure 4.13(b)
shows the SEM image of the fabricated device, where the strings are bending down. This makes it
difficult to couple to the disk resonator since the taper would easily touch the substrate inducing
huge loss. By placing the taper on the strings and then separating them, the stress state can be
changed from bending down to buckling up. The buckling amptitude of the strings is proportional
to their lengths. In our experiments, a relative short string of 20µm helps to probe the optical mode
easily and obtain high extinction on resonance without too many trials. The microscope image in
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Figure 4.14: (a) Cavity transmission spectra under different scanning steps. (b) Cavity transmission
spectra at different polarizations under scanning step of 1nm.
Fig. 4.13(a) shows that the strings are buckling up. Figure 4.13(c) shows the side-view SEM image
of the device, where the undercut ratio is about 90%.
For this batch of devices, it is difficult to obtain high extinction ratio at the high Q optical
resonances. At the same time, it is necessary to launch low input power of 0.71µW into the taper
to avoid the thermal effects. So the optical transmission spectrum at the high Q resonance is very
noisy at small scanning steps. Figure 4.14(a) shows the cavity transmission spectra at different
scanning steps. More data points in a certain scanning range can be obtained at smaller scanning
steps, leading to much noisier transmission spectra. In this experiment, scanning step at 1nm is used
to have optimal transmission spectrum. It also has to be very careful about the polarization of the
input signal, and Figure. 4.14(b) shows the cavity transmission spectra at different polarizations.
Best polarization is adjusted to have the highest extinction ratio for the following measurements.
Figure 4.15(a) shows the cavity transmission spectrum with the optimized extinction ratio
and the transmission on resonance is about 75%. The intrinsic Q and total Qt are 3.5×105 and 3.26×
105 , respectively. The inset in Fig. 4.15(a) shows the simulated optical mode profile. Figure 4.15(b)
shows the RF signal probed at the input power of 8µW (the dropped power is about 1µW ). The red
curve shows the theoretical calculation of the noise spectrum in our measurement, considering the
shot noise, thermal noise, back-action noise and photoreceiver noise. The displacement sensitivity
√
is determined as 8 × 10−17 m/ Hz and the gom /2π is extracted as 110GHz/nm. The inset in Fig.
4.15(b) shows the displacement profile for the fundamental breathing mode of the disk resonator. Due
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Figure 4.15: (a) Cavity transmission spectrum with optimized extinction ratio at a high Q resonance.
The transmission on resonance is about 75%. The inset shows the simulated transverse magnetic field
component. (b) Optically transduced thermal noise power spectral density at the central frequency
of 1273.327MHz. The red curve shows the theoretical calculation of the noise displacement. The
inset shows the corresponding mechanical mode profile.
to its small dimension, the eigenfrequency of the breathing mode can reach GHz range with a small
effective mass of 6pg. Also, the large optomechanical coupling coefficient close to

gom
2π

= 110GHz/nm

makes it an excellent candidate for a low threshold optomechanical oscillator.

4.4.2

Adjust Detuning When The Input Power Increases
First, we increase the input power from 11µW to 152µW , and adjust the detuning at each

input power level to obtain the strongest RF signal.
Figure 4.16(a) shows the RF spectra at different input power levels. The blue line shows the
power spectral density transduced by the thermal motion at low input power of 11µW . The green
line shows the power spectral density with the linewidth narrowed by half due to the optomechanical
backaction. The red line shows the power spectral density above the threshold and the peak linewidth
is narrowed to 8kHz, which is limited by the resolution of our electrical spectrum analyzer. Clearly,
the induced spring effect decreases the mechanical frequency of the disk resonator by 0.43MHz.
Figure 4.16(b) shows the mechanical Q as a function of the input power, clearly showing the lasinglike behavior in the presence of the dynamic backaction. Above threshold, the mechanical Q is
linearly dependent on the pump power since the mechanical energy of the disk resonator is linearly
dependent on the mechanical Q. The red line is the linear fit of the data above the threshold, and
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Figure 4.16: (a) RF signals at different input power levels. (b) Mechanical Q as a function of the
input power. The red line is a linear fit of the data above threshold.
the fitted slope is 2.7 × 103 µW −1 . In this measurement, the threshold input power is about 82µW ,
and the corresponding dropped power is around 8µW .
As shown in Fig. 4.10(b), the lowest threshold dropped power is 1.67µW at the wavelength
detuning of 10pm, which is equal to ∆ = Ωm in our case. During the above measurement, the
oscillation threshold is obtained at the detuning of 6pm with the dropped power of 8µW . The
lowest threshold of 1.67µW could be potentially obtained at the detuning of 10pm with optimized
detuning control.

4.4.3

Adjust Detuning When The Input Power Is Fixed
Then we continue the measurement by fixing the input power at 150µW and tune the input

wavelength from blue to red across the resonance. Figure 4.17(a) shows that the resonator slowly
enters the oscillation regime due to the dropped power increase as the input wavelength is tuned
into the resonance. The blue line and red line represent the power spectral densities before and
after the oscillation, respectively. Figure 4.17(b) shows that the linewidths of the RF peaks are
greatly suppressed after the resonator reaches oscillation. The fluctuation of the data circled by the
light blue dashed line is likely due to the thermal fluctuation in the resonator, leading to the power
instability. And the fluctuation of the data circled by the red dashed line is likely due to the phase
noise after the time average in the ESA. Figure 4.17(c) shows the change of the central frequency
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Figure 4.17: (a) RF spectra at different wavelengths. (b) Plot of mechanical Q versus the input
wavelength. (c) Central frequencies of the RF peaks during the measurement. The blue dashed line
shows the intrinsic mechanical frequency of the resonator.
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Figure 4.18: Snapshots of the RF spectra when the disk resonator oscillates.
of the RF peak during the measurement. Similar to the Fig. 4.17(b), the data circled by the light
blue dashed line shows the fluctuation of oscillation frequency due to the instability. Generally, the
central mechanical frequency change is determined by the optomechanical spring effect, which is
described as follows [11, 27, 76, 81]:

δΩm ≈

2
∆
|a|2 gom
∆2 − Ω2m + (Γt /2)2
2
mef f ω0 Ωm [(∆ − Ωm ) + (Γt /2)2 ][(∆ + Ωm )2 + (Γt /2)2 ]

(4.3)

Based on the sign of the numerator in Eqn. (4.3), the mechanical frequency of the resonator can be
increased or decreased at different detunings as shown in Fig. 4.17(c). In most of our measurement,
p
∆ < Ω2m − (Γt /2)2 , indicating that the frequency is decreased. This agrees with the data obtained
at the input wavelength above 1550.5nm in Fig. 4.17(c)(below the blue dashed line). While at large
p
detuning ∆ > Ω2m − (Γt /2)2 (the input wavelength is at 1549.885nm), the frequency is 1273.5MHz,
0.17MHz larger than the intrinsic value obtained at low input power.
Figure 4.18 shows the snapshots of the high resolution RF spectra after the resonator reaches
oscillation. The sweep time is 0.2s and the resolution bandwidth is 1kHz, ensuring that one snapshot
will have the most detailed data and the least distortion. The linewidth for each RF peak is about
3kHz, and the frequency difference between the adjacent RF peaks is 8kHz. This unstable behavior
is mainly due to the power fluctuation in the resonator, causing the frequency shift via the optical
spring effect. And the fluctuation leads to the linewidth broadening after time average. Feedback
control has been reported to lock the power in the resonator to stabilize the RF peak frequency and
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make it tunable [82–84].

Figure 4.19: (a) RF spectrum when the resonator oscillates. (b) Noise spectrum from the laser and
the EDFA.
As the motion amplitude of the resonator increases greatly above threshold, frequency mixing is observed via the nonlinear optical transfer function, which will be discussed in chapter 5.
Figure 4.19 shows the RF mixing effect when the resonator oscillates. The red curve in Fig. 4.19(a)
shows the mixed frequency components and Figure 4.19(b) shows the RF noise from the EDFA and
the laser source.

4.4.4

Reduce The Input Power When The Input Wavelength Is Fixed
Lastly, we fix the input wavelength at 1551.185nm, and reduce the input power from 115µW

to 47.8µW until the resonator is off the resonance. Figure 4.20(a) shows the RF spectra at the input
power of 47.8µW , 57.3µW and 101µW . The central mechanical frequency decreases as the input
power is decreased. It should be pointed out that the detuning gets smaller as the hot cavity
resonance gets closer to the input wavelength when the input power decreases. From Eqn.(4.3), it
is likely that the detuning is more responsible for the spring effect compared to the change of the
dropped power in this measurement. Figure 4.20(b) shows that the oscillation threshold is at the
input power of 76µW , where the dropped power is around 5µW .
In conclusion, we have systematically investigated the optomechanical properties of small
silicon disk resonators of different sizes and undercuts, and have demonstrated a silicon optomechanical oscillator operating at the high frequency of 1.27GHz. The device has a very compact size with
the diameter of only 4µm, which is easy to fabricate with standard CMOS process. The optomechanical coupling coefficient is as high as 110GHz/nm. In our experiments, oscillation threshold can
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Figure 4.20: (a) RF spectra at different input power. (b) Mechanical Q of the RF peak when the
input power is decreased.
be obtained at the dropped power of 8µW and 5µW via different characterization methods without
any feedback control. Above threshold, the frequency of the RF peak shifts as the pump power in
the resonator fluctuates, causing the linewidth broadening after time average. Also, softening effect
induced by the dynamical backaction is observed.
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Chapter 5

RF Mixing In A Single Wheel
Resonator
From this chapter on, I will mainly focus on the optomechanical coupling in wheel resonators.
Three types of configurations are investigated, including single wheel resonator, two side-coupled
wheel resonators and serially-coupled triple resonators. In this chapter, I will discuss the RF mixing
effect between two mechanical modes induced by the nonlinear optical transfer function in a single
wheel resonator. As a result, the single wheel resonator can work as an integrated oscillator and
freqency mixer.
We design, fabricate and characterize a nitride wheel optomechanical resonator as a RF
mixer for internal mechanical modes. By employing the regenerative oscillation of a flapping mode,
we are able to observe the RF mixing between the two mechanical modes through the nonlinear
optical transfer function. Instead of using external modulation source, we use the regenerative
oscillation of the flapping mode as the modulation source. Thus this single nitride optomechanical
resonator works as an integrated modulation source, local oscillator, and RF frequency mixer.

5.1

Introduction
In the wheel resonator introduced in section 4.2, we observe that both the fundamental radial

breathing mode and the flapping mode couple to a high Q optical mode and generate frequency
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mixing through the nonlinear optical transfer function. In the device with notches between the
spokes and the wheel resonator, the harmonic generation of the flapping mode produces a comblike frequency mixing spectrum. Instead of using the external pump modulation, we show that
the regenerative oscillation of an internal mechanical mode can be used as a modulation source for
optomechanical RF mixing.
Recently, the concept of optomechanical oscillation is proposed and employed in RF photonic
devices [85]. An optomechanical resonator has been designed as a RF frequency converter [85, 86],
local oscillator, and RF frequency mixer [86]. The Lorentzian shape of the optical resonance and
the regenerative mechanical oscillation are two essential elements of generating frequency mixing in
the optomechanical RF frequency mixer.
For the purpose of efficient RF mixing, it is highly desired to obtain the regenerative oscillation of the mechanical mode, which has been observed in many kinds of microresonators, such as
microtoroid [8, 10, 87], disk resonator [14], ring resonator [73, 88], etc. When the circulating power is
built up in the microresonator, the optical resonator will experience a radiation-pressure induced optical force. As a result of the strong dynamic back-action, parametric instability manifests, resulting
in the mechanical amplification and oscillation of the mechanical mode. And the mechanical mode
vibration amplitude will be greatly enhanced, causing large modulation on the optical field. Since
this oscillation is regenerative, it possesses threshold behavior and requires no external modulation
of the pump wave. Above threshold, the optomechanical coupling effectively produces an oscillatory
optical transfer function. The nonlinear transfer function manifests itself by generating harmonics
of the fundamental frequency in the RF spectrum of the optical signal.
In this section, we investigate a single optomechanical resonator which utilizes two different internal mechanical modes to function as a modulation source, local oscillator and RF mixer.
Compared with other optomechanical RF mixers [86], the regenerative oscillation of one mechanical
mode of the resonator is used as the modulation source instead of using an external modulation
source. At the same time, the regenerative oscillation will enhance the RF mixing efficiency and the
induced harmonic generation will produce a comb-like spectrum with more mixed frequency components through the nonlinear transfer function of the high Q optical resonance. This demonstration
is an essential step towards potential applications of the optomechanical oscillator as an all-optical
oscillator for optical communication and RF signal processing.
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5.2

Theory
Recall in Eqn. 1.15, we can obtain the nonlinear transfer function and the normalized output

power |Sout |2 at steady state:
|Sout |2
(1 − 2µ2 τt )2 − 1
=
1
+
|Sin |2
(2τt ∆ω − 2τt gom x)2 + 1

(5.1)

We consider two mechanical modes: gom1 x1 = gom1 x21a (ejΩ1 t + e−jΩ1 t ), gom2 x2 = gom2 x22a (ejΩ2 t +
e−jΩ2 t ), where x1a and x2a represent the vibration amplitudes of the two mechanical modes, and
gom1,2 are the optomechanical coefficients for the two different mechanical modes. Ω1 = 2πf1 ,
Ω2 = 2πf2 are the eigenfrequencies of the two mechanical modes. Replacing gom x = gom1 x1 +gom2 x2
into Eqn 5.1 and applying Taylor’s expansion, we are able to get the modulation terms on the
output field at harmonic frequencies of the two mechanical modes and mixed frequencies from the
two mechanical modes, such as ej(2Ω1,2 )t , ej(Ω2 ±Ω1 )t , ej(Ω2 ±2Ω1 )t , etc.

5.3

Measurement

Figure 5.1: (a) SEM of the fabricated device. (b) Optical microscope image during the measurement.
(c) Experimentally recorded cavity transmission (blue circle) with theoretical fitting (red line) for
an optical mode at wavelength 1552.647nm. Qi = 6.5 × 105 , Qt = 4.6 × 105 .
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Figure 5.2: RF spectrum of the first two flapping modes (a) and the fundamental radial breathing mode (b). The subsets show the mechanical mode profiles at frequencies f0 /0.074MHz,
f1 /0.097MHz, and fr /52.52MHz. The noise background is higher at low frequency region due
to the 1/f noise in the ESA.
The experimental setup to demonstrate the RF mixing effect is shown in Fig. 4.7(a). Figure
5.1(a) shows the SEM of the final device and Figure 5.1(b) shows the optical microscope image of the
device during the measurement. Figure 5.1(c) shows the optical transmission of the wheel resonator
as the taper is placed about 200nm away from the device. With a moderate extinction of 7dB,
the measured total Q is 4.6 × 105 and the intrinsic Q is 6.5 × 105 . After identification of a high Q
resonance, we record the RF spectrum by setting the input laser wavelength at the blue detuning
region for the purpose of achieving optomechanical gain.
First, we keep the input power at 75µW and change the dropped power by modifying the
detuning. Below the threshold of the mechanical mode oscillation, the power built up inside the
resonator is not enough to cause radiation pressure induced bistability. The amplitude of the CW
pump laser senses the intrinsic motion of the wheel resonator. Figure 5.2 shows the RF spectrum
of the first two flapping modes at 0.074M Hz, 0.097M Hz and the RF spectrum of the fundamental
radial breathing mode at 52.52M Hz with the dropped power of 1.8µW . f0 , f1 represent the first
two flapping modes and fr represents the fundamental radial breathing mode. The subsets show
the mode profiles of the mechanical modes. The fundamental radial breathing mode can couple to
the optical mode by changing the optical path length in the resonator [64]. The flapping modes
can also optomechanically couple to the optical mode due to the broken planar symmetry induced
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Figure 5.3: (a) RF spectrum of the first three flapping modes, harmonics of the second flapping
mode and the mixed frequency components. The subset shows the mode profile for f2 /0.35MHz.
(b) RF spectrum of radial breathing mode with two sidebands as a result of frequency mixing.
by the fiber taper [21, 89, 90]. Since the dropped power is below the threshold, the weak vibration
leads to weak modulation in the optical field, making the RF mixing not detectable on the spectrum
analyzer.
In this device, the second flapping mode actually has the lowest regenerative oscillation
threshold, since the power threshold is Pth ∝

mef f Ωm
2
Qm gom

for the mechanical modes as shown in Eqn.

4.10. By fitting the RF power spectral density induced by the thermal Brownian motion, the
optomechanical coupling coefficients for the second flapping mode and the radial breathing mode
are determined as gom /2π = 0.17GHz/nm and 1.5GHz/nm, respectively. For the second flapping
mode, Qm,1 = 2886 and mef f,1 = 1.8ng. For the radial breathing mode, Qm,r = 4409 and mef f,r =
1ng. So the threshold ratio for the two mechanical modes is

Pth,1
Pth,r

= 0.41. As we increase the

dropped power to 2.5µW , which is above the threshold of the second flapping mode as shown in Fig.
5.3(a), we are able to observe the regenerative oscillation and the harmonics of the second flapping
mode(f1 , 2f1 , 3f1 , 4f1 ). In Fig. 5.3(a), f2 corresponds to a high order flapping mode with mode
profile shown in the subset. Compared to Fig. 5.2(a), the RF peak of the second flapping mode
is increased by 34dB, indicating that the modulation of the optical field is also greatly enhanced.
This enhancement directly results in the appearance of the mixed frequency components shown in
Fig. 5.3(a): f0 + f1 , and f2 ± f1 . f1 − f0 is out of range in this record. Figure 5.3(b) shows the
RF spectrum of the fundamental breathing mode and the mixed frequencies, fr ± f1 . As shown
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Figure 5.4: RF spectrum of the harmonics of the second flapping mode (a) and the mixed frequencies
around the fundamental radial breathing mode (b).
in Fig. 5.3, the regenerative oscillation of the second flapping mode mixes with other mechanical
modes, and produces the new frequencies at fx ± f1 , where fx represents the other mechanical mode
frequencies: f0 , f2 , and fr . We will mainly focus on the frequency mixing between the fundamental
radial breathing mode and the second flapping mode in this paper. We define the power spectral
density difference between the RF peak at fr and that at fr ± f1 as the suppression ratio. The 7.5dB
suppression ratio in Fig. 5.3(b) indicates efficient frequency mixing, and the slight power difference
between fr − f1 peak and fr + f1 peak is mainly due to the electronic noise in the spectrum analyzer.
As the dropped power increases to 3µW , the RF power at f1 , 2f1 , and 3f1 shown in Fig.
5.4(a) is further enhanced by 6dB, 7dB, and 5dB compared with Fig. 5.3(a). At this power level,
the breathing mode is still below the regenerative oscillation threshold.
The mixing between the second flapping mode harmonics and breathing mode results in a
comb-like frequency spectrum as shown in Fig. 5.4(b). The suppression ratio for the RF peak of
fr to the RF peaks of fr ± f1 , fr ± 2f1 , fr ± 3f1 are 7.5dB, 7dB, and 8.3dB, respectively. This
clearly demonstrates efficient frequency mixing induced by the high order harmonics. By boosting
the harmonics of the second flapping mode, the modulation of the optical field inside the resonator
is enhanced at f1 , 2f1 , and 3f1 , making the internal mixing process more complicated. For instance,
the component fr − 2f1 could be the result of both the mixing between 2f1 and fr and the mixing
between f1 and fr − f1 .
As we increase the input power to 200µW (the dropped power is about 9.7µW ), the breath69

Figure 5.5: RF spectrum of the harmonics of the second flapping mode (a) and the mixed frequencies
around the fundamental radial breathing mode (b).
ing mode also reaches the threshold. Figure 5.5(a) shows the RF spectrum of the harmonics of the
second flapping mode, and Fig. 5.5(b) shows the RF spectrum of the breathing mode with the mixed
frequency components. As shown in Fig. 5.5, more high order harmonics of the second flapping
mode are generated, and more sidebands around the breathing mode are also produced in the mixed
RF spectrum. As shown in Fig. 5.2(a) and Fig. 5.5(a), the measured resonance frequency of the
second flapping mode increases from 0.09673MHz to 0.1119MHz due to the optomechanical spring
effect. This also modifies the spacing between the breathing mode and its sidebands, which equals to
the frequency of the modulation source. Our experimental results show that the oscillating second
flapping mode and its harmonics can be employed as the modulation source in the optomechanical
RF mixer.
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Chapter 6

Optomechanics In Coupled Wheel
Resonators
In this chapter, I will mainly focus on the optomechanical coupling in coupled wheel resonators, including two side-coupled wheel resonators and serially-coupled triple resonators. In two
side-coupled wheel resonators, the optomechanical coupling is quite dependent on the energy distribution in the two resonators and the high optical Q in the coupled system provides higher contamination tolerance than a single resonator in regards to the displacement sensitivity. In a serially-coupled
triple resonator system, selective coupling of the mechanical modes to the optical modes can be
achieved by activating different supermodes. This provides an approach to design a reconfigurable
optomechanical device.

6.1

Two Side-coupled Wheel Resonators
In this section, the optomechanical transductions in both single and two side-coupled wheel

resonators are investigated. In the single resonator, the optomechanical transduction sensitivity is
determined by the optical and mechanical quality factors of the resonator. In the coupled resonators,
the optomechanical transduction is related to the energy distribution in the two resonators, which is
strongly dependent on the input detuning. Compared to a single resonator, the coupled resonators
can still provide very sensitive optomechanical transduction even if the optical and mechanical
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Figure 6.1: (a) Experimental setup. VOA: Variable Optical Attenuator; FPC: Fiber Polarization
Controller; PD: Photodetector; ESA: Electrical Spectrum Analyzer; DUT: Device Under Test. A
tapered fiber is used to couple light into and out of the resonator, and it is parked on the nanostrings.
The experiments are conducted under vacuum. Both single wheel resonator(DUT1) and two sidecoupled wheel resonators(DUT2) are investigated. (b) SEM image of DUT1. (c) SEM image of
DUT2.
quality factors of one resonator are degraded.

6.1.1

Introduction
So far, the mostly studied optomechanical device of a single resonator usually involves

the coupling between one optical mode and one mechanical mode, such as ring resonator [88], disk
resonator [76], microtoroid resonator [8] and zipper resonator [27]. The coupling between one optical
mode and few mechanical modes has also been studied in double ring resonators [31], double disk
resonators [14] and coupled zipper cavities [81]. Although the composite optical resonance in coupled
optical resonators is more complex and exhibits interesting physics, it has not been widely used for
controlling optomechanical interactions [22]. Here we compare the optomechanical transductions in
a single resonator and two side-coupled resonators, and show that the energy distribution in coupled
optical resonators has a great impact on the optomechanical coupling. In addition, we show that
the sensitive optomechanical transduction can still be obtained in coupled resonators despite the
degraded optical and mechanical quality factors in one resonator.
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6.1.2

Devices and Experimental Setup
We employ the same wheel resonator design as described earlier. The 10µm wide wheel

resonator has three thin spokes connecting to the center support and the large undercut ratio(90%)
of the center support helps minimize the mechanical energy dissipation [78]. Figure 6.1(a) shows
the experimental setup, where DUT1 and DUT2 represent the two different devices investigated
in this report. DUT1 has a single wheel resonator, and DUT2 has two side-coupled wheel resonators(represented by a and b in Fig. 6.1(a)). Figure 6.1(b) and (c) show the SEM images of the
two devices. The distance between the two coupled resonators is 600nm in Fig. 6.1(c). A tapered
fiber is used for coupling light into and out of the resonators. All the experiments are conducted
under vacuum.

Figure 6.2: Measurements for DUT1. (a) Cavity transmision spectra with different taper couplings.
The transmission spectrum denoted by the blue circle with red line fitting is obtained when the taper
is 400nm away from the resonator. The transmission spectrum denoted by the black square with
green line fitting is obtained when the taper touches the resonator. (b) RF spectra of the breathing
mode when the taper is away from (blue circle) and in contact with the resonator (black square).

6.1.3

Testing On The Single Wheel Resonator
First, we test the single resonator(DUT1). Figure 6.2 shows the optical transmission spectra

around 1571.22nm and the RF spectra of the fundamental breathing mode, respectively. The blue
circle in Fig. 6.2(a) shows the optical transmission as the taper is placed around 400nm away from
the resonator, indicating a high Q resonance with intrinsic Q of 4.8 × 105 and loaded Q of 4.3 × 105 .
Then we tune the input wavelength at appropriate detuning and keep the input power at 60µW .
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Figure 6.3: Measurements for DUT2. (a) Cavity transmission spectra in a wide wavelength range.
The transmission spectrum colored in blue and red is taken when the taper couples to the resonator
a. The transmission spectrum colored in black and green is taken when the taper couples to the
resonator b. The resonance dips colored in green and red represent the coupled resonance. (b) RF
spectra at uncoupled resonances when the taper separately couples to resonator a (blue circle) and
resonator b (black circle).
The blue circle in Fig. 6.2(b) shows the RF spectrum of the fundamental breathing mode with
mechanical quality factor of 4243. The sensitive optomechanical transduction is obtained at low
input power due to the high loaded Q and weak mechanical damping induced by the large undercut
ratio of the center support.
When we place the taper in contact with the device, the optical transmission loss increases
by around 3dB. The black square in Fig. 6.2(a) shows the optical transmission with intrinsic quality
factor degraded to 1.3 × 105 . The loaded quality factor is 1.2 × 105 . Due to the degraded optical Q
and increased mechanical damping induced by the taper, much higher input power is required to read
out the RF signal on the spectrum analyzer. A different detector (New Focus 1611) is used for the
RF signal extraction. The black square in Fig. 6.2(b) shows the RF spectrum of the breathing mode
with mechanical quality factor of 181 at input power of 800µW . The two RF signals in Fig. 6.2(b)
are postprocessed to have the same level of noise background for comparison. The degradation of the
optical quality factor and increased mechanical damping result in the less sensitive optomechanical
transduction.
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6.1.4

Testing At The Uncoupled Resonances For The Coupled Resonators
Then we test the two side-coupled resonators(DUT2). Figure 6.3(a) shows the optical

transmission spectra from 1570nm to 1575nm when the taper separately couples to the resonator a
and resonator b. The transmission spectrum colored in blue and red is taken when the taper couples
to the resonator a. The transmission spectrum colored in black and green is taken when the taper
couples to the resonator b. The resonance dips colored in red and green represent the shared coupled
resonance. Due to fabrication errors, the two spectra also have different sets of uncoupled modes.
The different extinctions at the coupled resonance are due to different coupling conditions.
At uncoupled resonances denoted by the black line in Fig. 6.3(a), only the optomechanical
transduction in the resonator b is detected as shown in the black circle in Fig. 6.3(b). fb represents
the eigenfrequency of the breathing mode in the resonator b. When we probe the RF signal at
uncoupled resonances denoted by the blue line in Fig. 6.3(a), only the optomechanical transduction
in the resonator a is detected as shown in the blue circle in Fig. 6.3(b). fa represents the eigenfrequency of the breathing mode in the resonator a. Due to fabrication errors, fa and fb are slightly
different. For the rest of the measurements in this report, we mainly focus on the optomechanical
transduction around the coupled resonance denoted by the green line at 1572.50nm shown in Fig.
6.3(a).

6.1.5

Thermal Effects In Coupled Resonators
Recall Eqn. 1.2 for a single resonator, we have the following equations when adding the

second ring resonator coupled to the first one:
dab
1
1
= (jω0b −
−
)ab − jµ2 aa − jµ1 Sin
dt
2τb
2τc1
daa
1
= (jω0a −
)a2 − jµ2 ab
dt
2τa

(6.1)
(6.2)

where |ab |2 and |aa |2 represent the optical energy in the resonator a and b, respectively. In the
following description, subscripts i = a, b denote the corresponding resonator in Fig. 6.1.1(a). ω0i =ω0
is the cold cavity resonance frequency in each resonator. Qc1 describes the coupling between the
taper and the resonator b. µ1 is the power coupling coefficient between the taper and the resonator b,
q
q
2ω0
2ω0 Vg
µ1 = Q
;
µ
is
the
energy
coupling
coefficient
between
the
two
resonators,
µ
=
2
2
Qc2 2πR , where
c1
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Qc2 describes the coupling between the two resonators. Vg is the group velocity in the resonator a,
Vg =

c
vg ,

where c is the speed of light in vacuum and ng is the group index.

If the input power is fairly small, which allows us to neglect any thermal effects, equations
6.1 and 6.2 can be solved in steady-state with a frame rotated at the angular frequency of input
light:

ab =

aa =

−jµ1 Sin
1
1
µ22
j∆ω +
+
+
2τb
2τc1
j∆ω +
−jµ2
j∆ω +

1
2τa

(6.3)
1
τa

ab

(6.4)

where ∆ω = ω − ω0 is the detuning of the input light ω from the cavity resonance. The stored
optical energy in the resonator can be dissipated via radiation, linear absorption, two-photon absorption(TPA) and free-carrier absorption(FCA). Due to the relatively low input power in our experiments, only the linear absorption will be considered for our specific device. So the heating power
caused by the optical absorption is described as:

Phi = γlin,i |ai |2

(6.5)

where γlin,i describes how much absorbed energy is converted to heat. Thus, the dynamic equation
for thermal effect can be written as:

Cp ∆Ṫi (t) = Phi − K∆Ti

(i = a, b)

(6.6)

where the heat capacity Cp (J/o C) and the thermal conductivity K (J/so C) are the same for
two resonators. ∆Ti is the temperature difference between the heated resonator and the ambient
environment. Since the thermal dissipation rate is smaller than the absorption rate, the heating
power will raise the temperature and consequently change the refractive index as well as the resonance
wavelength. Here, we do not consider the Kerr effect and free carrier dispersion, and the shifted
resonance wavelength can be expressed as a function of the temperature:

λi (∆Ti ) = λ0 [1 + ( +
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dn
/n0 )∆Ti ]
dT

(6.7)

Parameter
γlin /(γlin + γrad )
n0
ng
c
~
dn/dT
Cp /K
R

Value
0.4
2.2
1.85
3 × 108
1.05 × 10−34
3.3 × 10−6
2.2 × 10−5
3.35 × 10−5

Units
m/s
J ·s
K −1
s
m

Table 6.1: Parameters used in the theoretical fit. The material parameters correspond to silicon
nitride.
where  is the thermal expansion coefficient (units: m/(m0 C)) and dn/dT is the refractive index
change (units: 1/0 C). n0 is the material refractive index. λ0 denotes the cold cavity resonance
wavelength, and λi denotes the new resonance wavelength. Usually,  is very small and can be
neglected.
Figure 6.4(a) shows the detailed optical transmission spectrum at 1572.50nm. The red line
is the theoretical fit using the above Eqn. 6.3 and Eqn. 6.4. Qa = 9×105 and Qb = 5×105 represent
the intrinsic quality factors of the two resonators. As shown in Fig. 6.4(a), the two resonance dips
are slightly asymmetric due to the fact that the resonance wavelength in resonator a is slightly
shorter than that in resonator b, λa = 1572.499nm, λa = 1572.501nm. Figure 6.4(b) shows the
optical transmission spectrum with thermal effects under input power of 60µW . Since the taper is
moved slightly closer to the resonator b, the extinction ratio is higher compared with Fig. 6.4(a).
The subset in Fig. 6.4(b) shows the simulated energy distribution in the coupled resonators during
the wavelength scanning by solving the above Eqn. 6.1, Eqn. 6.2, Eqn. 6.6, and Eqn. 6.7. The
blue/red line represents the stored energy in resonator a/b. The parameters used are in Table 6.1.5.

6.1.6

Testing At The Coupled Resonances
RF signals are extracted while the input wavelength is swept across the resonances from

1572.48nm to 1572.95nm. The swept wavelength range is divided into three regions denoted by I, II
and III. Figure 6.4(c) shows the recorded RF peak values while the wavelength is tuned from region
I through region III. The optical power builds up in both resonators as we tune the wavelength
upward from 1572.48nm. And the resonances of both resonators are red shifted due to thermal
effects during the wavelength tuning. When the input wavelength is shorter than 1572.57nm(region
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Figure 6.4: Measurements for DUT2. (a) Experimentally recorded cavity transmission spectrum
(blue circle) with theoretical fitting (red line) under input power of 4µW . Qa = 9×105 , Qb = 5×105 .
The taper is 400nm away from the device. (b) Cavity transmission with thermal effects under input
power of 60µW . I,II and III represent three regions as the wavelength is swept across the resonances
during the RF measurement. The subset shows the simulated stored energy distribution in the
coupled resonators with arbitrary unit. The blue/red line represents the stored energy in resonator
a/b. (c) PSD peak values of the RF spectrum for the breathing modes in the two resonators. fa
and fb represent the frequencies of the breathing modes for the two resonators.
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I), the dropped optical power in resonator a is higher than that in resonator b. Meanwhile, we could
only detect the fundamental breathing mode of resonator a in the RF spectrum. Figure 6.5(a) shows
the RF spectrum at the input wavelength of 1572.56nm, indicating that only the optomechanical
transduction in resonator a is detected.
When the input wavelength is between 1572.57nm and 1572.70nm(region II), the optical
power in resonator b is large enough to make the optomechanical coupling in resonator b detectable
in the ESA. Thus we could detect the fundamental modes of both resonator a and b in this wavelength
range. Figure 6.5(b) shows the RF spectrum at the input wavelength of 1572.66nm, where both RF
peaks at frequencies fa and fb are detected. In region II, the relative detuning in resonator a is
thermally locked due to the bistability, and the dropped power keeps almost the same in resonator
a. The dropped power keeps increasing in resonator b. So the RF peak power at fa does not
change much and the RF peak power at fb increases as the wavelength is tuned from 1572.57nm to
1572.70nm as shown in Fig. 6.4(c). The dropped power in resonator a is always greater than that
in resonator b when the input wavelength is shorter than 1572.70nm. When the input wavelength is
longer than 1572.70nm(region III), the heat power in the resonator a is not enough to compensate
the thermal dissipation, so its resonance returns to the cold cavity resonance and there is almost
no optical energy build-up in resonator a. The optical power only builds up in resonator b. Figure
6.5(c) shows the RF spectrum at the input wavelength of 1572.90nm, and only one RF peak at fb
is detected. In our experiments, the optical power reaching the detector is around 15µW and the
dropped power into the resonators ranges from 2µW to 8µW . When the dropped power increases,
both resonators experience weak optomechanical backaction effects [27]. For the resonator a, the
mechanical Q increases from 4700 to 5500 and the mechanical frequency decreases from 52.442MHz
to 52.439MHz. For the resonator b, the mechanical Q increases from 4800 to 7000 and the mechanical
frequency decreases from 52.388MHz to 52.374MHz.
Then we place the taper in contact with the resonator b. Figure 6.6(a) shows the optical
transmission spectrum, and the optical quality factor of the resonator b degrades to 3 × 105 due to
the taper induced optical loss. Figure 6.6(b) shows the RF spectra of the breathing modes of the
two coupled resonators at input power of 60µW , respectively. The mechanical quality factor of the
resonator b degrades by an order of magnitude due to the taper induced mechanical loss. Despite
the degraded optical and mechanical quality factors, the breathing mode in resonator b can still be
sensitively detected at low input power in the ESA through the coupling to the undegraded optical
79

Figure 6.5: Measurements for DUT2. (a-c) RF spectra at the input wavelength of 1572.56nm(a),
1572.66nm(b) and 1572.90nm(c).
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Figure 6.6: Measurements for DUT2. (a) Cavity transmission spectrum when the taper is in contact
with the resonator b. (b) RF spectra of the breathing modes when the taper is away from (blue
circle) and in contact with the resonator b (black circle). (c): RF spectra of the breathing modes
when the taper is away from (blue circle) and in contact with the resonator a (black circle).
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resonance in resonator a. Figure 6.6(c) shows the RF spectra of the breathing modes of the two
resonators when the taper is in contact with the resonator a at input power of 60µW . In contrast,
the optomechanical transduction of the device DUT1 requires much higher input power when the
taper touches the device as shown in Fig. 6.2(b). The different mechanical quality factors at the RF
signals denoted by the blue circles in Fig. 6.6(b) and Fig. 6.6(c) are due to the fluctuation of the
vacuum level during the measurement. Since it is difficult to control the exact position where the
taper touches the resonator, the mechanical losses induced by the taper are different as shown by
the different mechanical quality factors at the RF signals denoted by the black circles in Fig. 6.6(b)
and Fig. 6.6(c).
In summary, we investigate the optomechanical transductions in both single and two sidecoupled wheel resonators. In the single resonator, the degradation of mechanical and optical quality
factors results in much less sensitive optomechanical transduction. In two side-coupled resonators,
the energy distribution is modified by the input detuning and plays an important role in the optomechanical transductions. We also show that sensitive optomechanical transduction can still be
obtained in coupled resonators even if the mechanical and optical quality factors are degraded in
one resonator.

6.2
6.2.1

Serially-coupled Triple Resonators
Introduction
Radiation pressure can efficiently couple mechanical modes with optical modes in an optical

cavity. The coupling efficiency is quite dependent on the interaction between the optical mode
and mechanical mode. Generally, it is difficult to obtain selective optomechanical coupling in a
single optomechanical resonator. In this section, we investigate a serially-coupled triple resonator
system, where a freestanding beam is placed in the vicinity of the middle resonator. In this section,
we demonstrate that the mechanical mode of the freestanding beam can be selectively coupled to
different resonance supermodes through the near field interaction.
Currently, the mostly studied optomechanical device consists of a single resonator system,
where one optical resonant mode couples to the mechanical mode [8, 32, 64, 69, 73, 76, 88, 91–93].
Generally, different optical modes will all couple to the mechanical mode that modifies the effective
light path in a single resonator system, since the displacement of this mechanical mode has the
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Figure 6.7: (a) Typical energy distribution in a single resonator. (b-d) Energy distributions of three
different supermodes in a serially-coupled triple resonator system. A freestanding beam is placed in
the vicinity of the single resonator/middle resonator in the coupled system.
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overlap with different optical modes and thus changes the optical resonance conditions. One feature
of a compound optical resonance is its controllable resonance function, where the resonance splitting
can be changed by tuning the coupling efficiency. By making the mechanical frequency equal to the
optical resonance splitting, enhanced optomechanical interactions can be achieved [77, 94]. At the
same time, the mechanical modes of different resonators can be coupled via optical forces, which
provides potential for the energy transfer and synchronization in mechanical resonator arrays [22,51].
Selective excitation of certain mechanical mode can be achieved in one single resonator by launching
suitable pump and probe signals [33].

6.2.2

Design And Simulation
Here, we demonstrate that a mechanical beam mode can be selectively coupled to different

optical supermodes in a serially coupled triple resonator system. Since these resonant supermodes
have very different spatial distributions, the controllable optomechanical coupling is obtained by
placing the mechanical beam in the vicinity of the middle resonator. Our experimental results show
that the beam efficiently couples to the supermode where optical energies are distributed in all three
resonators while it does not couple to the supermode where there is almost no optical energy in the
middle resonator. Our results are important for realizing selective and reconfigurable optomechanical
interactions in coupled resonator systems.
Figure 6.7 illustrates the difference of the optomechanical coupling between a single resonator
and a serially coupled triple resonator system. In the single resonator as shown in Fig. 6.7(a), the
resonant output signal can always be modulated by the mechanical mode of the beam, which couples
to the optical mode via the near field interaction [21, 40, 89, 90]. When the three identical resonators
are close enough, there would be three coupled supermodes due to the interference effect, which
is related to the coupling between the resonators. Figure 6.7(b-d) show the three supermodes,
represented by SM1(Fig.6.7(b)), SM2(Fig.6.7(c)) and SM3(Fig.6.7(d)). In Fig. 6.7(b-d), 1, 2, 3
represent the three resonators. When the interference in the middle resonator is destructive, the
optical field is minimized as shown in Fig. 6.7(c). When the interference is constructive, the optical
field is enhanced as shown in Fig. 6.7(b) and (d), where the difference is the relative phase in the
middle resonator. In the coupled resonator system, and the freestanding beam is placed near the
second resonator. And the input light signal is coupled in and out of the system through the first
resonator. As shown in Fig. 6.7(b) and (d), the light field is enhanced in all the three resonators,
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so the mechanical mode of the beam can be effectively coupled to the two supermodes. As a result,
the input signal can be modulated by the mechanical motion when SM1 and SM3 are excited. For
the SM2 as shown in Fig. 6.7(c), the light field is only enhanced in the first and third resonators
and there is almost no optical field in the second resonator. As a result, the input signal will not be
modulated since the coupling between the beam mechanical mode and SM2 is close to zero.

6.2.3

Device And Experiments
Still, we employ the silicon nitride wheel resonator design for the experimental demonstra-

tions. Figure 6.8(a) shows the experimental setup and the device is tested in a vacuum chamber.
Figure 6.8(b) shows the optical microscope image of the device during the measurement. The fiber
taper only couples to the first resonator and it is about 5µm away from the third resonator to avoid
coupling. Figure 6.8(c) shows the SEM image of the device. The three resonators have the same
dimensions with the width of 5µm and the outer radius of 25 µm. The gap distance between the
resonators is approximately 300nm. The freestanding beam is curved to have longer coupling length
with the second resonator [37] and it is 200nm away from the resonator. Due to the high tensile
stress, the beam is not in the same plane with the resonators as shown in the inset of Fig. 6.8(c).
First, we test the optical properties of the coupled resonators and indentify the coupled
supermodes. At the low input power, the three coupled resonances are found around 1551.15nm as
shown in Fig. 6.9(a). The blue dot data shows the experimental results, and the red line shows
the theoretical fit. Due to the fabrication errors, the uncoupled resonance wavelengths of the three
resonators are slightly different. λ1 , λ2 and λ3 are used to represent the resonators’ resonances with
the values of 1551.1365nm, 1551.1753nm, and 1551.145nm, respectively. Q1 , Q2 and Q3 are used to
represent the intrinsic quality factors of the resonators and they are 3 × 104 , 2 × 105 and 1 × 105 ,
respectively. The three coupled resonance dips in Fig.6.9(a) correspond to the three supermodes
shown in Fig. 6.8(b,c,d). Figure 6.9(b) shows the stored energy distributions in the three resonators
around the coupled resonances based on the parameters acquired above. We use I, II, III to represent
the three different regions, approximately corresponding to the three supermodes, respectively. In
region I and III, the optical energy is accumulated in all the three resonators. In region II, the
optical energy is mainly in the first and third resonators.
Next, we probe the mechanical modes of the beam by slowly tuning the input wavelength
into the coupled resonances. Figure 6.10 shows the RF spectra of the out-of-plane mechanical
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Figure 6.8: (a) Experimental setup. VOA: Variable Optical Attenuator; FPC: Fiber Polarization
Controller; PD: Photodetector; ESA: Electrical Spectrum Analyzer; DUT: Device Under Test. A
tapered fiber is used to couple light into and out of the resonator. (b) Optical microscope image of
the device during the measurements. (c) SEM image of the device. The subset shows the coupling
region between the beam and the middle resonator. The beam is not in the same plane with the
resonator due to the high tensile stress.
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Figure 6.9: (a) Transmission spectrum of the coupled resonator system. (b) Stored energy distributions in the three resonators. λ1 =1551.1365nm, λ2 =1551.1753nm, λ3 =1551.145nm. Q1 = 3 × 104 ,
Q2 = 2 × 105 , Q3 = 1 × 105 .
mode(Fig.6.10(a)) and in-plane mechanical mode(Fig.6.10(b)) of the curved beam. The central frequencies are 1.856 MHz and 5.986 MHz, respectively. The insets show the corresponding mechanical
mode profiles. The specific dimension of the curved beam is as described in the inset of Fig. 6.10(a).
Since the beam is not in the same plane with the resonator, the out-of-plane mode can be effectively
coupled to the optical mode [21]. For the two mechancial modes, the in-plane mechanical mode
has higher optomechancial coupling efficiency, where the gom /2π is around 3M Hz/nm compared
to 0.8M Hz/nm for the out-of-plane mechanical mode. So we will mainly focus on the in-plane
mechanical mode in the following measurements.
At the input power of 50µW , we slowly tune the input wavelength from 1551nm into the
coupled resonances. Figure 6.11(a) shows the RF peak powers of the in-plane mechanical mode as a
function of the input wavelength. Before the wavelength is tuned to 1551.20nm, the SM1 is dominant
in the coupled resonators, so the mechanical mode of the beam is effectively coupled as shown in Fig.
6.7(b). As the dropped power increases with the increasing wavelength, the RF peak power increases
until the SM2 is dominant when the input wavelength is tuned above 1551.20nm. Due to the thermal
effects, the coupled resonances are red shifted so that the region I is broadened in comparison to
that in Fig. 6.9(b). When the input wavelength is between 1551.20nm and 1551.22nm, the SM2 is
dominant and the optical energy is mainly in the first and third resonators. Thus, the RF peak of the
in-plane mechanical mode disappears due to the weak optomechanical coupling. The region II has a
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Figure 6.10: RF spectra of the out-of-plane mode(a) and in-plane mode(b) of the freestanding beam.
The insets show the corresponding mode profiles.
narrow range, because the temperature difference between the three resonators increases due to the
uneven energy distribution, which can reduce the coupling of the three resonators. When the input
wavelength is tuned to 1551.23nm, the SM3 forms right after the three resonators decouple and go
back to the cold cavity resonances. Then the resonances of the three resonators are red shifted until
1551.27nm. Even though the linewidths of the three coupled resonances are similar around 0.06nm
as shown in Fig. 6.9(a), the region I is wider than region III at the input power of 50µW as shown
in Fig. 6.11(a). This is due to the fact that the energy distribution is more even in region I for SM1,
so that the resonances of the three resonators can be red shifted together to avoid decoupling. The
optomechanical coupling coefficients(gom /2π) are extracted as 3M Hz/nm and 5M Hz/nm for SM1
and SM3, respectively. The gom is larger for SM3 because the optical energy has higher percentage
in the middle resonator for SM3 compared with that for SM1 as shown in Fig. 6.9(b).
At the input power of 100µW , we have the similar measurement results, which follow the
same pattern as shown in Fig. 6.11(b). All the three regions are broadened due to stronger thermal
effects.
In summary, we design, fabricate, and characterize a serially-coupled triple resonator system, where a freestanding beam is placed close to the middle resonator. There are three optical
supermodes formed due to the optical coupling in the resonators and they have different spatial
distributions. The mechanical mode of the beam can only effectively couple to the two supermodes,

88

Figure 6.11: RF peak power of the in-plane beam mode at input power of 50µW (a) and 100µW (b).
where the energies are distributed in all the resonators. For the supermode where there is almost no
optical energy in the middle resonator, the optomechanical coupling between the beam mode and
optical mode is near zero. Our experimental results demonstrate that the selective optomechanical
coupling can be achieved by exciting different optical supermodes.
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Chapter 7

Conclusions
In conclusion, optical forces in waveguides and microresonators are investigated. In waveguides, optical gradient force is studied, and the plasmonic enhancement is used to achieve larger
force than the conventional dielectric waveguide. At the same time, we analyze the optical forces at
different geometries and find that the coupled rectangular waveguides provide the strongest enhancement. Owing to its non-resonant nature, this enhancement mechanism can be applied to a broad
wavelength range at near-IR. This enhanced optical force can be used for efficient optomechanical
switch, gate or actuator in the optical communications.
In order to experimentally demonstrate the optomechanical phenomenon in microphotonic
structures, we develop three types of fiber-to-chip coupling techniques in our lab: lensed fiber coupler,
gratings-based coupler, and dimpled fiber tapers. Lensed fiber coupler is widely used for easy
coupling for small amount of devices and the gratings-based coupler is used for convenient coupling
for large amount of devices. For all the experiments conducted in vacuum, the dimpled fiber tapers
are used for the easy setup and ultra-low optical insertion loss.
The major part of this thesis is about the radiation force in the microresonators, which
are also important in the photonic integrated circuits. In the chapter 4, we study three type of
microresonators: silicon nitride disk resonator, silicon nitride wheel resonator, and small silicon disk
resonator. The experimental results show that the optomechanical coupling coefficiency increases
from 0.8GHz/nm to 110GHz/nm, the effective mass decreases from 2ng to 6pg, the oscillation
frequency increases from 10MHz to 1GHz, and the device size shrinks from 60µm to only 4µm.
The oscillation threshold improves from 500µW to 8µW , and the lowest threshold at 5µW can
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be achieved in such a compact device. Such a compact, low threshold, high frequency mechanical
oscillator is highly desirable in the sensitive displacement measurement, for example in gyroscope.
In chapter 5 and 6, I also study three types of micro-resonators, but all with similar design
of wheel resonator: single wheel resonator, two side-coupled wheel resonators, and serially-coupled
triple resonators. In a single wheel resonator, we firstly demonstrate that it can be used as an integrated oscillator and RF frequency mixer. The compact single resonator can mix its own mechanical
frequencies via the nonlinear optical transfer function. By using the optomechanics to make certain
mechanical mode oscillate, a RF frequency comb-like spectrum can be generated. As such, a photonic RF converter can be made with our device. In two coupled wheel resonators, we demonstrate
that the optomechanical coupling in each resonator can be tuned by modifying the the energy distribution. It’s also found that the coupled system can have better tolerance to the environmental
contamination due to the high optical Q in both resonators. In the serially-coupled triple resonator
system, a freestanding beam is placed close to the middle resonator, and its mechanical mode can
be selectively coupled to certain optical supermodes. In this way, the activation of the beam mechanical mode is controllable via the input detuning. Thus, a reconfigurable optomechanical circuit
can benefit from this design.
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Appendix A

Maxwell Stress Tensor

To investigate the momentum conservation of the electromagnetic field, we start from high
school physics as the following:
F =

dp
= q(E + v × B)
dt

(1)

Where p is the object momentum, q is the object charge, E is the electric field, v is the object
velocity, and B is the magnetic field. Assume ∆F is the force exerted on the tiny volume ∆τ , and
ρ is the charge density.
∆F = (ρE + ρv × B)∆τ
(2)
= (ρE + J × B)∆τ
So:
f = ρE + J × B

(3)

By employing expressions:

ρ=∇·E
1
∂E
∇ × B − 0
µ0
∂t
∂E
∂(E × B)
∂B
×B =
−E×
∂t
∂t
∂t
J=

We have:
f = 0 (∇ · E)E +

1
∂S
(∇ × B) × B + 0 (∇ × E) × E − µ0 0
µ0
∂t

By using expression:
1
(∇ × B) × B = (B · ∇)B − ∇B 2
2
We end up with:
1
[B(∇ · B)+
µ0
0
1 2
1 ∂S
(B · ∇)B] − ∇( E 2 +
B )− 2
2
2µ0
c ∂t

f = 0 [(∇ · E)E + (E · ∇)E] +
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(4)

Next, we will introduce Maxwell Stress Tensor(MST):
1
1
1
Tij = 0 (Ei Ej − δij E 2 ) +
(Bi Bj − δij B 2 )
2
µ0
2

(5)

We will look at the divergence of a tensor:

∇·T =

3 X
3
X

∂i Tij xj

i=1 j=1

=

3 X
3
X

1
1
(Bi Bj
∂i (0 (Ei Ej − δij E 2 ) +
2
µ
0
i=1 j=1
(6)

1
− δij B 2 ))xj
2
= 0 [(∇ · E)E + (E · ∇)E] +

1
[B(∇ · B)+
µ0

(B · ∇)B]
The divergence of tensor gives vector. Plugging equation (6) to equation (4), we have:

f =∇·T −

1 ∂S
c2 ∂t

(7)

By integration on both sides on the surface of the object:
Z
F =

1 ∂S
(∇ · T − 2
)dτ =
c ∂t

I

1 d
T · da − 2
c dt

Z
Sdτ

(8)

da is the surface area of the object, ans S is the energy leaving a differential area per unit time:

S = ρN E p c
pem = ρN p
p
E = m2 c4 + p2 c2
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ρN is the number of photons per unit volume, Ep is the energy per photon, and c is the photon
velocity. Assuming m = 0:

E = pc
⇒ Ec = pc2

So:
ρN pc2
c2
ρN Ec
=
c2
S
= 2
c

pem =

By plugging above expression of pem to equation (4), we have:
∂pem
∂t
∂pem
=∇·T −
∂t

f =∇·T −
∂pmech
∂t
So:
∇·T =

∂(pmech + pem )
∂t

This divergence shows the conservation of momentum of photons and phonons.
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(9)

Appendix B
B.1

Device Fabrication

Standard Process For Silicon Nitride Device

1. Chips should be cleaned via MOS clean process or 1min regular O2 clean in Oxford 80s.
2. DI water spinning 250rpm. Recipe 250rpm-90sec-2000rpm-90sec.
3. Surpass is flowed for 20 seconds out of 60cc syringe without a plunger while wafer is spinning
and wet.
4. DI water is flowed for 30 seconds.
5. Drying by spinning up to 2000rpm.
6. maN 2403 resist is spun on for 30 seconds at 2000rpm. 0.2 micron syringe filters.
430nm/1500rpm on Si sample after soft baking(90o C).
250nm/4000rpm on SOI after develpment.
280nm/4000rpm on SOI after develpment. 255nm after 9sec descum. 230nm after subsequent reflow.
230nm/2500rpm on LSN sample after development(soft bake 90o C).
350nm/2000rpm on LSN sample after development(soft bake 110o C).
350nm/2000rpm on Standard Nitride after development.
7. Softbake at 110o C for 1min.
8. E-spacer is spun for 1min at 1500rpm. E-spacer prevents charge buildup.
9. Exposure: base dose for waveguide is 1000µC/cm2 ; base dose for disk or wide ring resonator
is 550µC/cm2 . PEC is required for disk or wide ring pattern.
10. Develop in MIF 726 for 90 seconds.
11. Descum in a light oxygen plasma. YES asher recipe No. 1 or 15 seconds in Oxford 80s. Light
oxygen plasma recipe in Oxford 80s: O2 50 sccm, 20mTorr, RIE 75W, T 10o C. Or you can
do descum for 9 second with regular oxygen plasma. Regular oxygen plasma recipe in Oxford
80s: O2 50 sccm, 60mTorr, RIE 150W, T 10o C. It is strongly suggested to start from 2min
etch.
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12. Do 10min O2 clean and 3min “CHF3 /O2 nitride” seasoning in Oxford 100. Then put the
device in to etch for 3min. 3min “CHF3 /O2 nitride” will etch 307nm standard nitride and
90nm oxide. Also 3min “CHF3 /O2 nitride” will etch 287nm LSN and 120nm oxide. You can
monitor the each rate by observing the DC bias. Basically, 2min 45sec to 3 min etch is safe at
the DC bias of 61V.
13. Do 1min O2 clean in Oxford 80s to remove the ebeam resist.
14. Do 5min H2 SO4 : H2 O2 (2 : 1) clean.
15. Do MOS clean to remove all the tiny particles.
16. If there is grating in the pattern, go to the GSI PECVD to deposit 1µm oxide. 10min “Low
dep Oxide” recipe at 400o C. 1.14µm/10min. Always make sure that the chamber is clean by
doing at least 10min clean before your run. If there is no grating in the pattern, go directly to
the release step.
17. Do 30min HMDS vapor priming on the oxide surface.
18. SPR 220 3.0: 3000rpm for 30sec. 2.6µm. The resist will not stand HF 49%, but will stand
BOE 6:1 for an hour.
19. Softbake for 90sec at 115o C.
20. Exposure at ABM contact aligner for 15 sec (320mJ/cm2 )
21. PEB for 90 sec at 115o C.
22. Development for 3min with MIF 726.
23. Rinse with DI water.
24. Descum for 20sec using regular O2 plasma clean at Oxford 80s.
25. Do 10min O2 clean and 3 min “CHF3 /O2 Oxide etch” seasoning.
26. Do 10min “CHF3 /O2 Oxide etch” and immediate subsquent 2min O2 clean. 10min oxide etch
will etch 450nm GSI Low Dep oxide. 30sec O2 clean will etch 170nm SPR resist.
27. 90o C oven bake overnight, or 25min at 145o C.
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28. For the undercut process. If there is grating in the pattern, use BOE 6:1. For 6 µm wide ring,
45min is recommended. For 10mum wide ring, 70min is recommended. There is still around
600nm oxide above device. If there is no grating in the pattern, use HF 49%. 1min 20sec is
enough for 3µm wide waveguide. Average 1.1 1.2µm/min for more than 3 min etch. Around
1.47µm within the first 2min. Each rate of thermal oxide in BOE 6:1 is 85nm/min. Each rate
of HTO oxide in BOE6:1 is more than 200nm/min.
29. Immerse the chip in acetone for at least 5 min, then IPA for 3min.
30. Clean the chip with H2 SO4 : H2 O2 (2 : 1) for 5min.
31. Rinse the chip with methanol for 4 times.
32. Go to the critical point dryer(CPD).
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Appendix C
C.1

Experimental Setup

Equipment
This section contains all the testing equipments during our experiment:

1. Tunable laser sources: Agilent 8164A; New Focus 6700
2. Variable optical attenuator: VOA50-FC-SM, 1550nm, 50dB, in-Line with FC connectors
3. Fiber polarization controller: Thorlabs FPC031
4. EDFA: AFOI C band pre-amplifier, OFA 1550-GFF23
5. Inline power meter: Eigenlight S500 power monitor
6. Fiber coupler 90/10.
7. Photoreceiver: New Focus 1611/1811
8. Oscilloscope: Tektronics TDS 3032B
9. Electrical spectrum analyzer: HP 8591E
10. Waveform generator: Agilent 33220A

C.2

Vacuum Setup
In this section, a detailed vacuum setup will be introduced. Figure 1(a) shows the vacuum

chamber on the optical table with the microscope above the viewport. The chamber has the dimension of 610mm for the diameter and 492mm for the height.The electrical feedthrough is used
to connect the cable to the actuator inside the chamber to control the stage movement. The optical feedthrough is used to guide the light signal into the chamber. The microscope with the CCD
camera provides the live image during the measurement. Figure 1(b) shows the viewport and it has
the diameter of 100mm. The working distance is about 85mm during the measurement as shown in
Fig. 1(c). Figure 2 shows the fiber taper coupling setup inside the chamber. In Fig. 2(a), the fiber
position is fixed and the chip is on a movable stage with three actuators in three axis. The chip
is glued to a chuck, which is anchored on the stage. Figure. 2 shows the top-view of the coupling
setup. The chip is diced to be only 2mm wide for easy coupling. For the chip wider than 2mm,
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the fiber taper is easy to attach to the substrate inducing high optical loss. Figure 2(c) shows the
devices on the chip under light reflection.

100

Figure 1: (a) The observation of the vacuum chamber from the outside. (b) The viewport from
which the microscope can capture the image inside the chamber. (c) The working distance between
the microscope and the chip.
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Figure 2: (a) Coupling setup inside the chamber. There are two stages: one to hold the tapered
fiber and the other one to control the movement of the chip. (b) Topview of the coupling setup.
The chip is diced to be only 2mm wide to avoid the taper attaching to the substrate. (c) Device on
the chip under light reflection.
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